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Résumé  
La transition fleur-fruit, appelée nouaison, est déclenchée par la 
pollinisation des fleurs et ce processus est essentiel pour cycle reproducteur 
des plantes, la formation des semences et le rendement de production. Les 
mécanismes moléculaires contrôlant cette importante transition 
développementale ont été peu explorés. Les marques histones et la 
méthylation de l'ADN sont les deux principaux modes de régulation 
épigénétique, mais à ce jour, leurs contributions respectives à la 
reprogrammation transcriptionnelle qui est associée au programme d’initiation 
des fruits charnus n’ont pas fait l’objet d’aucune étude sur aucune espèce de 
plante. Afin d’explorer l’importance dans la transition fleur-fruit de ces deux 
types de régulation épigénétique, des approches de transcriptomique 
"genome-wide", de ChIP-seq se et de séquençage bisulfite d'ADN ont été 
mises en place chez la tomate, une espèce économique majeure et un modèle 
d’étude pour les fruits charnus. Les résultats révèlent une corrélation étroite 
entre le repositionnement des marques histones et les changements observés 
de l'expression génique globale. L’étude montre aussi que les marques H3K9ac 
et H3K4me3 agissent en synergie pour activer la transcription génique, alors 
que la marque H3K27me3 a un effet répressif. A l’inverse, il n’y a pas de 
corrélation entre les variations de la méthylation de la cytosine et l’évolution 
des profils transcriptomiques. Il ressort donc que ce sont les changements au 
niveau des marques histones plutôt que de la méthylation de l'ADN qui 
constituent le moteur principal de la reprogrammation génétique associée au 
processus de transition fleur-fruit chez la tomate. En concordance avec cette 
idée, le niveau d'expression des gènes associés à l’initiation du fruit, tels que 
ceux liés au métabolisme hormonal, à la division cellulaire ou au 
développement embryonnaire, est corrélé avec les modifications des marques 
H3K9ac ou H3K4me3, mais pas avec la méthylation de l'ADN. En outre, l'étude 
comparative des profils transcriptomiques associés à la formation du fruit 
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dépendant et indépendant de la pollinisation révèle l'intervention complexe de 
multiples voies de signalisation hormonales. Au total, notre étude présente un 
nouvel aperçu du contrôle de la reprogrammation génétique nécessaire à 
l’initiation du développement du fruit et révèle le rôle important du contrôle 
épigénétique dans ce processus de transition développementale. Dans le 
même temps, l’étude identifie un groupe de gènes impliqués dans la régulation 
épigénétique qui offrent des cibles potentielles pour les programmes 
d’amélioration de la nouaison des fruits, un processus majeur affectant le 
rendement de production. 
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Abstract 
The flower-to-fruit transition, so-called fruit setting, is triggered by flower 
pollination and this process is essential for plant reproductive success, seed 
formation and crop yield. The underlying molecular mechanisms controlling this 
developmental transition remain unclear. Histone marking and DNA methylation 
are the main epigenetic modes for genetic reprogramming, however, their 
respective contribution to the fruit set-associated transcriptomic reprogramming is 
also unknown. To address the contribution of the two types of epigenetic regulation 
to fruit set, genome-wide transcriptomic profiling, ChIP-sequencing and DNA 
bisulfite sequencing were applied to tomato, a major economic crop and a model 
system for fleshy fruit. The study emphasizes the tight correlation between histone 
repositioning and gene expression changes revealing that H3K9ac and H3K4me3 
histone marks synergistically promote gene transcription, whereas H3K27me3 
marking has a repressive effect. We concluded that changes in histone marks 
rather than in DNA methylation are the main drivers of genetic reprogramming 
associated with the fruit set transition in tomato, and H3K9ac and H3K4me3 
marking is the primary players in this control mechanism. Consistently, the 
expression level of fruit set-associated genes such as those related to hormone 
metabolism, cell division, and embryo development correlated with changes in 
H3K9ac or H3K4me3 marking, but not with DNA methylation. In addition, 
comparative study of transcriptomic profiling between pollination-dependent and -
independent fruit set, uncovered the complex intervention of multiple hormone 
signaling pathways involved in the flower-to-fruit transition. Auxin appears as the 
central hormone triggering the extensive transcriptomic reprogramming associated 
with the initiation of early fruit growth. Altogether, the study provides new insight 
into the control of gene reprogramming underlying fruit the shift from flower to fruit 
and uncovers a set of genes encoding modifiers of epigenetic marks which may 
provide new targets for breeding programs aiming to improve fruit setting, a major 
process impacting crop yield. 
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摘 要 
坐果是植物从花到果实的一个转变过程，它依赖于正常的授粉受精，同时也对种子的形
成和果实的产量等起决定作用，然而对调控该转变过程的分子机理却并不清楚。组蛋白修饰
和 DNA 甲基化是表观遗传调控基因重编程的两个主要方面，它们各自对坐果过程中的贡献
程度知之甚少。为了揭示该问题，我们选取果实模式作物--番茄作为研究对象，采用全基因
组水平上的转录组测序，组蛋白修饰的染色质免疫共沉淀测序 (ChIP-seq) 以及甲基化测序 
(BS-seq)来进行系统分析研究。本论文印证了组蛋白修饰和基因表达之间的紧密联系，即
H3K9ac 和 H3K4me3 修饰能协同促进基因的转录，而 H3K27me3 修饰具有转录抑制作用。相
比于 DNA 甲基化修饰，组蛋白修饰是番茄坐果过程中调控基因重编程的主要驱动力，其中
H3K9ac 和 H3K4me3 在此方面尤为突出。同样地，与坐果紧密联系的基因比如激素代谢类，
细胞分裂类以及胚和胚乳发育类，都显现出是 H3K9ac 或 H3K4me3 修饰而不是 DNA 甲基化
修饰参与了基因表达的主要调控作用。此外，生长素能独立于授粉而触发坐果，本论文也通
过比较授粉坐果和生长素诱导坐果过程中的转录组变化来研究其内在的基因调控网络。结果
显示多种激素信号转导途径共同参与了两类主要坐果过程，而其中生长素是调节整个坐果过
程中基因重编程的主要调控信号。综上所述，本论文对番茄坐果过程中表观调控基因重编程
这一调节机制提出了更深的见解，同时此研究也揭示了潜在的表观修饰基因可能参与坐果形
成，这也为育种及提高作物产量提供了新的方向。 
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I.1 Bibliographic review 
1. The fruit set process 
1.1 Tomato, a fruit crop with worldwide increasing importance 
The tomato is a fleshy fruit commonly considered as major vegetable crop 
that has achieved tremendous popularity over the last century. It is now widely 
grown in every country of the world - in outdoor fields, greenhouses and 
gardens. As shown in Figure 1, among all fruits, tomatoes represent the most 
important world production from 2000 to 2013. 
 
Figure 1. World production of principle fruits and fruit groups in 2013 
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In 2013, more than 150 million tons of tomatoes were produced, far before 
bananas (~100 million tons) which is the second fruit crop. Asia produced 99.21 
million tons in 2013, which accounts for 60% of world production (Table 1). The 
global distribution of tomato productions in the world (Figure 2) Shows that 
China is the biggest producer of tomatoes (51 million tons), followed by India 
with 18 million tons and United States of America with 13 million tons. The 
tomato can be divided into two categories: fresh market tomatoes, and 
processing tomatoes which are grown outdoors for the canning industry. In both 
cases, world production and consumption has grown quite rapidly over the past 
25 years. In summary, the rapid increase of tomato production and consumption 
in the world points out to the economic importance of tomatoes.  
In addition to meet the consumer preference in terms of taste, tomatoes 
contribute to human healthy diet as they are a good source of vitamins A and 
C, and anti-oxidant compounds like lycopene. Both vitamins are important for 
bone growth, immune system and blood vessels. Lycopene is also a very 
powerful antioxidant which can help prevent the development of many forms of 
cancer. Currently, tomato has a higher consumption rate in more developed 
countries although in developing countries the tomato is becoming a more 
important part of the food basket. Therefore, to match the need of the 
expanding market and the consumers, improving tomato yield and fruit quantity 
is becoming a major topic in scientific research. 
 
Table1 World tomato production (million tons) 
Area 2010 2011 2012 2013 
Africa 18.24 17.31 19.12 19.18 
Americas 24.45 24.04 24.96 24.59 
Asia 87.13 94.84 96.32 99.21 
Europe 21.71 21.65 20.99 20.97 
Oceania 0.55 0.37 0.47 0.56 
Total 152.08 158.21 161.86 164.49 
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Figure 2. Distribution of tomato production in global world in 2013. Unit: million tons 
1.2 Tomato as a model plant for fleshy fruit research 
Solanum is one of the largest angiosperm genera that includes annual and 
perennial plants from diverse habitats. The tomato (Solanum lycopersicum) 
besides being an important Solanum crop, is widely used as a model system 
for studying flesh fruit development including fruit formation, fruit ripening, as 
well as metabolic pathways (Emmanuel and Levy, 2002; Carrari and Fernie, 
2006; Sun et al., 2006; Egea et al., 2010; Mochida and Shinozaki, 2010; Pineda 
et al., 2010; Yin et al., 2010). Tomato is also a reference species for the 
Solanaceae family research, as it has a relatively small genome and contains 
a same haploid chromosome number and conserved genome organization with 
other Solanaceous plants, such as pepper, eggplant, potato and Nicotiana, 
(Rick and Yoder, 1988; Hille et al., 1989; Tanksley, 2004; 
Tomato_Genome_Consortium, 2012). Besides, the tomato genome has been 
sequenced by The International Solanaceae Genomics consortium (SOL) and 
large genetic resources are available. Moreover, a high number of studies on 
abiotic and biotic stress responses have been widely carried out in the tomato 
(Matsui et al., 2010; Rellán-Álvarez et al., 2010; Rivero et al., 2010; Uehara et 
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al., 2010). Therefore, the tomato has been widely selected as a core model 
system for fruit study.  
1.3 Genomic resources on the tomato model 
In 2012, a high-quality genome sequence of domesticated tomato ‘Heinz 
1706‘ was produced (Tomato_Genome_Consortium, 2012). The predicted 
tomato genome size is approximately 900 megabases (Mb), of which 760 Mb 
were assembled and aligned to 12 chromosomes. Tomato chromosomes 
consist of pericentric heterochromatin and distal euchromatin. Most majority of 
repeats are located within and around centromeres, in chromomeres and 
telomeres, whereas genes are concentrated in euchromatin. Tomato genome 
is quite different from those of Arabidopsis and Sorghum since tomato has 
fewer high-copy, full-length long terminal repeat (LTR) retrotransposons with 
older average insertion ages (Figure 3, 2.8 versus 0.8 million years ago).  
 
Figure 3. Speciation and polyploidization in eudicot lineages. (From 
Tomato_Genome_Consortium, 2012) 
 
 
The ITAG2.3 annotation predicted 34,727 protein-coding genes in tomato. 
Among these, 30,855 are detected by RNA sequencing (RNA-Seq) approaches 
from various tissues, and 31,741 show high similarity with Arabidopsis genes. 
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Furthermore, a comprehensive database named SGN (https://solgenomics.net/) 
was dedicated to all kind of tomato genomics tools and resources.  
 
1.4 Micro-Tom: a miniature tomato with rapid life cycle 
Micro-Tom is a miniature dwarf determinate tomato cultivar, released in 
1989 by J. Scott and B. Harbaugh for gardening purposes and first used as a 
genetic tool 1997 (Reference by the Avraham Levi). Considering the relatively 
small genome of the tomato, Micro-Tom shares many features of Arabidopsis 
that make it a suitable model system, such as small size (8 cm when grown in 
50-100 mL pots, Figure 4) and short life cycle (70-90 days from sowing to fruit-
ripening).  
 
Figure 4. Comparison of growth criteria in Micro-Tom and M82. Appearance of 80-
day-old Micro-Tom (left) and M82 (right) plants from a side view. (Saito et al., 2011)  
 
Thus, it is possible to grow a large population of micro-Tom lines using 
reduced spaces and to obtain more generations in less time. Besides, micro-
Tom is also easily transformed with T-DNA by Agrobacterium-mediated 
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transformation of cotyledons and hypocotyls. Therefore, together with these 
features, it allows the use of micro-Tom for large scale mutagenesis.  
 
1.5 Tomato flower anatomy  
Tomato plant is day neutral and set flowers under conditions of either short 
or long days, which promotes fruit setting at multiple latitudes. Generally, 4-7 
weeks after sowing, tomato plant grows into reproductive stage. Flowering is 
the period between floral initiation and production of mature flower. This 
process takes about 2 weeks, during which the number of carpels and the 
shape of the fruit are determined. The tomato flower is organized in four whorls 
of organs which are showed below (Figure 5).  
 
Figure 5. Tomato flowers typically consist of six stamens attached to the corolla 
tube, with the anthers partly fused to form a cone like structure surrounding the female 
pistil.   
 
The peduncle (also called pedicel) is the stem that supports the flower. The 
outermost whorl consists of the sepals. Collectively, the sepals are called the 
calyx. The next whorl, the bright yellow petals, serves to attract pollinators. The 
male reproductive organs, the stamens, which bear pollens, sit inside the petals. 
A single tomato stamen consists of two elongated compartments. The individual 
stamens are fused together to form a yellow cylinder that surrounds the carpels. 
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The tomato carpels are green. They vary in number from cultivar to cultivar, but 
they are invariably fused together into a single bulb-like structure—ovary at very 
early stage of floral development. Thus, the number of carpels in the tomato 
flower determines the number of locules in the fruits. When the ovary is fertilized 
by pollen, the ovules develop into seeds.  
 
1.6 Tomato fruit setting: a transition from flower to fruit. 
1.6.1 Preparation phase 
The formation of tomato fruit occurs upon a proper development of 
reproductive organ after floral bud initiation. At eight days after floral bud 
initiation, reproductive development occurs with microspoangia (for male part) 
and placental development (for female part). Afterwards, the style and the ovary 
grow nearly equally in length, and ovule primordia are emerging from the 
placental tissues. In the following 3~4 days, the megasoprocyte undergo two 
meiotic divisions, representing the first stage of megagametogenesis. Fourteen 
days after floral bud initiation, the integument enveloped the nucellus 
completely and the micropyle is well defined. At the same time, the embryo sac 
development is taking place. The presence of the megaspore at the chalaza 
end of the ovule indicates the development of the egg apparatus. In general, 
approximately sixteen to nineteen days after bud initiation, the flower is ready 
for fertilization, which triggers the completion of ovule development and the 
maturation of the well distinguished vegetative and generative cells (Xiao et al., 
2009).  
1.6.2  Phase I: Fertilization and fruit setting  
Flower opening marks the start of the first fruit landmark. At the time of 
anthesis, the anther lobes undergo dehiscence to release the pollen, which 
germinates soon after landing on the receptive stigma. Pollen tubes grow close 
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to the base of the style 6 hours after pollination, and reach the ovules 
approximately 2 hours later. Ten to twelve hours after pollination, the pollen 
tubes had released their content resulting in fertilization of the ovules which 
represents fruit development landmark 2. Upon pollen tube reaching the 
embryo sac, it delivers one sperm to the egg cell to form a diploid embryo and 
another sperm to central cells to form a triploid endosperm. The fertilized ovule 
will become a seed later on. Nearly two days after anthesis, senescence of 
petals, stamens and style is associated with successful fertilization. If the flower 
is not fertilized successfully, it separates from the plant at the abscission zone, 
this causes the flower to wither and die (Gillaspy, 1993). 
1.6.3  Phase II: Cell division, embryo and pericarp development 
Following successful fertilization, cell division is activated in the ovary 
(Figure 6). This phase lasts 3~6 days after fertilization, at which it represents 4-
16 embryo cell stage (the third landmark of fruit, Xiao et al., 2009). During this 
phase, the first embryo division occurs approximately 4 days post-anthesis. In 
the following, the embryo develops to globular embryo stage (4th landmark, 
6~10 dpa), heart shape embryo stage (5th landmark, 10~12dpa), torpedo stage 
(6th landmark, 13~16dpa) and coil stage (7th landmark, ~20dpa). At the same 
time of phase II, cell division also occurs in pericarp and other tissues. In the 
very early stage of phase II, cell division activity is highest in pericarp and 
placental tissues (Spurr, 1959; Gillaspy, 1993). In pericarp, the width doubled 
from 0dpa to 2dpa, and then further doubled at 5dpa and again at 10dpa. 
Across the pericarp, the numbers of cell layers increase from 10 at 0dpa to 17 
at 2dpa, while at the later stage, cell division is mainly confined to the outer 
layer. And at 5dpa, cell number reaches the final number of 19-21, suggesting 
that pericarp cell division may finish at or before 5dpa. High mitotic activity was 
also observed in the cells at peripheral integument layers but not in the fertilized 
embryos at early stage of phase II, and within the columellar and placental 
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tissues as well. These vascular tissues and developing embryo show mitotic 
activity which continues till the end of phase II.  
Cell expansion occurs concurrently with cell division in the pericarp of the 
early developing fruit. Comparing to the short stage of cell division (5dpa in 
LA1589), cell expansion and elongation span fruit development from 2dpa until 
mature green stage. At phase II, the dividing pericarp cells in the developing 
fruits are small, condensed, and abundant in cytoplasmic substances and 
contain small vacuoles. As cell enlarges, the primary cell wall and the 
cytoplasmic layer become relatively thinner, and vacuoles occupy a greater 
proportion of the cell volume.  
As indicated above, embryo continues to divide and differentiate. In normal 
fruit, generally, the developing embryo controls the rate and sustenance of cell 
division in the surrounding fruit tissues. Because number of fertilized ovules 
generally determines the initial growth rate of the ovary, i.e. the rate of cell 
division (Gillaspy, 1993). When ovules do not develop normally and equably, 
lopsided fruits will form with presence or absence of seeds at different locules. 
It also indicates the positive correlation between the number of the developing 
seeds and sustained fruit growth.  
1.6.4  Phase III: Cell expansion and embryo maturation 
After the period of cell division, fruit growth is due mostly to an increase in 
cell volume. This phase lasts six to thirty days after fertilization until the fruit 
grows to the mature green stage. Cell expansion (cell volume) makes the 
greatest contribution to the final size of the fruit. In tomato, cell size can increase 
by more than 10 times in placenta, locular tissue and mesocarp after fertilization. 
This cell expansion in the fruit tissues does not keep the same rate as the 
developing of embryo, which does mainly divide and differentiate into seed 
tissues. During this phase, the embryo develops into a bilateral embryo that has 
well-formed cotyledons and an established root-shoot axis.  
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Figure 6. Overview of tomato fruit development. The first stage is fruit set, the initiation 
of fruit growth after the flower has been successfully pollinated and fertilized. After 
fertilization, cell division takes place, which lasts up to 14 d. This period is followed by 6–7 
weeks (wk) of mainly cell expansion, during which the volume of the fruit rapidly increases. 
Once the fruit has reached its final size it starts to ripen. (A, E) Flower and micrograph of 
an ovary at anthesis, awaiting pollination. Bar=200 μm. (B, F) Fruit of 0.8 mm in diameter, 
10 d after pollination, and a micrograph of its pericarp. Bar=200 μm. (C, G) Fruit of 3 cm in 
diameter, 5 weeks after pollination, and a micrograph of its pericarp. Bar=200 μm. (D) Ripe 
tomato fruit. P, pericarp; op, outer pericarp; ip, inner pericarp; pl, placenta; o, ovules. (de 
Jong et al., 2009a) 
1.7 Hormone signaling, a complex regulation network for fruit 
setting 
The flower-to-fruit transition, fruit set, is very sensitive to environmental 
conditions. Thus, understanding the underlying mechanisms that regulate this 
process is crucial for maintaining yield production of fruit crops. Fruit set 
depends on the successful pollination and fertilization of the flower (Gillaspy, 
1993). After double fertilization, the embryo and surrounding tissues generate 
the first signals that trigger fruit growth. In the early 20th century, phytohormone 
such as auxin and gibberellin have been found to be critical signals that can 
induce the fruit set and growth independently from pollination (Gustafson, 1936; 
S. H et al., 1957). In recent years, several regulators involved in these hormone 
pathways were identified as major players of fruit setting. 
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1.7.1  Auxin and fruit setting 
Gustafson (1936) firstly demonstrated that application of substances similar 
to auxin onto the stigma of the flower in tomato and in several other species 
can stimulate ovary development into seedless (parthenocarpic) fruit. The 
application of pollen extracts to the surface of the ovary also showed similar 
results, thus, it is hypothesized that pollen grains contain substance similar to 
the plant hormone auxin and that after pollination, the pollen may transfer this 
substance to the ovary to trigger fruit growth (Gustafson, 1937). In the following 
years, the role of auxin in fruit development has been firmly established by 
many researchers (Jones et al., 2002; Srivastava and Handa, 2005; Wang et 
al., 2005; Goetz et al., 2006; Serrani et al., 2008; Sorefan et al., 2009; de Jong 
et al., 2009b). Direct evidences demonstrating that auxin triggers fruit set at the 
physiological, biochemical and molecular levels have accumulated in the last 
decade. These studies addressed all aspects of auxin activity, including auxin 
biosynthesis and metabolism, polar auxin transport, perception and signal 
transduction, and auxin response (Figure 7).  
 
 
Figure 7. A schematic model of auxin biosynthesis, inactivation, transport, and signal 
transduction in plants. Notes: GH3: IAA-amino acid conjugate synthase, UGT: UDP 
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glucosyltransferase, IAMT: IAA-methyltransferase, and DAO: dioxygenase for auxin 
oxidation (Kasahara, 2015).  
1.7.2  Auxin biosynthesis and metabolism 
It has hypothesized that the seeds are a probable source of de novo auxin 
biosynthesis during fruit growth based on the observation that in the majority of 
angiosperm species, the formation of seeds is closely linked to fruit growth. It 
was shown in diverse range of species that higher concentrations of indole-3-
acetic acid (IAA) was detected in the seeds compared to other fruit tissues 
(Varga and Bruinsma, 1976). The natural auxin indole-3-acetic acid (IAA) is 
synthesized through both tryptophan (Trp)-dependent and Trp-independent 
pathways (reviewed by Pencík et al., 2013; Tivendale et al., 2014). Five major 
naturally occurring compounds are recognized as IAA precursors (Figure 8), 
including indole-3-pyruvic acid (IPyA), indole-3-acetaldoxime (IAOx), indole-3-
acetonitrile (IAN), indole-3-acetamide (IAM), and indole-3-acetaldehyde (IAAld). 
The IPyA pathway is considered as the “main” auxin biosynthetic pathway 
(reviewed by Zhao, 2012), in which tryptophan is converted to IPyA by TAA 
enzymes and then to IAA by YUCCA enzymes (Cheng et al., 2006). Several 
studies in distinct species confirmed that high expression of TAA and YUCCA 
genes in seed tissues is correlated with auxin accumulation, suggesting that 
this pathway is also likely dominant in fruit. In Arabidopsis embryos, TAA1 and 
some YUCCA genes showed overlapping expression profiles, and loss of TAA1 
and YUCCA lead to developmental defects (Cheng et al., 2006; Cheng et al., 
2007; Stepanova et al., 2008). In tomato, YUCCA family (known in tomato as 
toFZY), particulary toFZY6, is preferentially expressed in seed tissues, 
suggesting similar dominant TAA-YUCCA pathway for tomato fruit growth 
(Expósito-Rodríguez et al., 2007; Expósito-Rodríguez et al., 2011). 
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Figure 8. Auxin biosynthesis and storage forms in higher plants.  
Possible pathways for plant auxin biosynthesis. Solid arrows indicate those steps for which 
enzymes are known. Dashed arrows indicate those steps for which no enzyme has been 
identified or the enzyme identity is in question (Enders and Strader, 2015).  
 
An additional mechanism in the control of auxin homeostasis is conjugation 
of IAA to amino acids by the auxin-inducible GH3 amido synthetases (Staswick 
et al., 2005). Although the mechanism is not clear, it seems to play complex 
roles in diverse plant developmental processes. GH3 expression is detected in 
many tissues, and also in some ripening fruit such as pepper, grape berries, 
apple and tomato. It has been suggested that IAA conjugation contributes to 
keep low concentration of free IAA during fruit development and ripening.  
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1.7.3  Polar auxin transport 
Polar auxin transport is critical for auxin distribution and gradient formation 
in various tissues and organs. Generally, formation of this local auxin maxima 
and minima is important to control various aspects of plant growth and 
development (Grieneisen et al., 2007; Ljung, 2013). Auxin transport is 
controlled by AUX/LAX and PIN-FORMED (PIN) family proteins that direct 
cellular auxin influx and efflux, respectively (Figure 9).  
Several studies in Arabidopsis suggest the critical role of auxin transport for 
reproductive development, especially that of PIN genes. Firstly, application of 
chemical inhibition of polar auxin transport through 1-N-naphtylphtalamic acid 
(NPA), severely affects the apical-basal patterning of the gynoecium. Benkova 
et al. (2003) suggested that early gynoecial primordium development is, similar 
to all other aboveground developing primordia, dependent on PIN1 activity 
(Benková et al., 2003). In support of this, Alvarez et al. (2009) showed that PIN1 
is strongly expressed in stage-7 and stage-8 gynoecia (Larsson et al., 2013). 
The pin1 mutant (Okada et al., 1991) as well as pin3 pin7 (Benková et al., 2003) 
mutants have severely distorted gynoecia. The valve-length of these mutants 
is reduced concomitantly with enlarged style, stigma, and gynophore (Bennett 
et al., 1995; Sohlberg et al., 2006). Similar gynoecia defects have also been 
described when PINOID, which encodes an auxin-inducible serine–threonine 
protein kinase regulating the polarity of PIN1 localization, is compromised 
(Christensen et al., 2000; Benjamins et al., 2001; Friml, 2004; Sohlberg et al., 
2006). In addition, PIN3 is expressed during fruit development and its 
localization is regulated at the valve margin to create a local auxin minium 
(Sorefan et al., 2009). Therefore, altogether, this suggests that auxin 
accumulation is critical for gynoecium development.  
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Figure 9. Auxin transport proteins regulate intracellular and cell to cell auxin fluxes 
(Balzan et al., 2014). Auxin (IAA) crosses the plasma membrane (PM) through passive 
diffusion, as protonated form, or through PM transporters, as deprotonated form. PINs are 
eﬄux carriers located at the PM and ER and can be re-inserted in the lipid bilayer by 
recycling via the endocytic pathway. AUX/LAXs and PILs are influx carriers located at PM 
and ER, respectively. ABCBs are located at the PM and use energy from ATP to translocate 
IAA. The coordinated localization of the different transporters determines the overall 
directionality of the auxin flux and contributes to the regulation of intracellular auxin levels. 
 
In tomato, gynoecium gives rise to the fleshy fruit organ. There are 10 PIN 
and 5 AUX/LAX genes in the tomato (Nishio et al., 2010; Mounet et al., 2012; 
Pattison and Catalá, 2012) and the investigation of their function during fruit 
development is starting to be investigated. The majority of PIN and AUX/LAX 
genes in tomato are expressed primarily in immature fruit and predominantly in 
the internal tissues between seed and pericarp (Nishio et al., 2010; Mounet et 
al., 2012; Pattison and Catalá, 2012; Pattison et al., 2015), however, their 
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specific function in fruit development still remains unclear. Transcriptomic 
profiling indicated that PIN1, PIN4, PIN7, PIN9, LAX1 and LAX2 genes are 
expressed mainly in the placenta tissues during fruit set (Pattison and Catalá, 
2012; Pattison et al., 2015). Application of NPA in this placental tissues, results 
in increased auxin activity in the internal placental tissues where PIN 
expression is the highest. These data stresses the importance of the placental 
tissue for auxin transport in tomato fruit. Besides, RNAi silencing of tomato PIN4 
in this tissue leads to parthenocarpic fruit formation, probably due to the 
accumulation of an excess of auxin in the ovary (Mounet et al., 2012). Except 
in placental tissues, PIN5 transcripts accumulated the highest in tomato embryo, 
endosperm and septum of 4DPA ovaries as shown by tissue-specific 
transcriptomic data. Considering the hypothesis that seed is the source of auxin 
synthesis, PIN5 might be an important efflux carrier for fruit set. In addition, 
within the same datasets, auxin influx carriers LAX1 and LAX2 are also 
relatively highly expressed in inner tissues. This different expression pattern of 
auxin transport genes suggests their indispensable roles for auxin 
accumulation and gradient formation for fruit formation. 
1.7.4 Auxin signal transduction  
Upon perception in the nucleus, auxin can trigger broad and specific 
transcriptional responses. The core components of the auxin signaling 
machinery belong to four protein families: the F-box TRANSPORT INHIBITOR 
RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) auxin co-
receptors, the Auxin/INDOLE-3-ACETIC ACID (Aux/IAA) transcriptional 
repressors, the TOPLESS (TPL) co-repressors and the AUXIN RESPONSE 
FACTOR (ARF) transcription factors. Auxin promotes an interaction between 
TIR1/AFB and Aux/IAA proteins, resulting in degradation of the Aux/IAAs and 
the release of ARF repression (Wang and Estelle, 2014; Salehin et al., 2015). 
Gene expression associated with ARF activation has been implicated in diverse 
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processes in land plants, including tropic responses and the establishment of 
polarity, as well as embryogenesis and organogenesis in flowering plants, and 
both gametophyte and sporophyte development in nonflowering plants (Smet 
and Jürgens, 2007; Möller and Weijers, 2009; Prigge et al., 2010; Vernoux et 
al., 2010; Bennett, 2015; Flores-Sandoval et al., 2015; Kato et al., 2015). At the 
cellular level, auxin affects all aspects of cellular growth, including cell 
elongation, cell division and differentiation (Perrot-Rechenmann, 2010; 
Takatsuka and Umeda, 2014).  
Auxin functions by triggering genome-wide transcriptional responses via its 
effects on ARF activity (Figure 10). At low auxin levels, Aux/IAA transcriptional 
repressors interact with ARFs and recruit TPLs to repress their activity. 
However, in the presence of auxin the TIR1/AFB proteins bind to Aux/IAA 
transcriptional repressors and mediate their polyubiquitylation and subsequent 
proteasomal degradation. Another important output of the pathway is the rapid 
induction of auxin-responsive genes, including Aux/IAAs and the GH3 family of 
auxin homeostasis modulators, triggering negative-feedback loops (Benjamins 
and Scheres, 2008).  
In tomato, IAA9 is the first  auxin signaling component identified that is 
required for fruit set (Wang et al., 2005). In situ hybridization, showed that IAA9 
mRNA was detected across flower tissues, peaked at anthesis, and then its 
levels decrease in 3DPA ovary tissues. At anthesis, IAA9 transcript formed a 
gradient wherein the signal is strongest in ovule, sporogenous tissue, tapetum, 
petals, vascular bundles, developing style, placenta, and funiculus, but, 
relatively weak in sepals, ovary wall and the columella. Once the flower is 
fertilized, the IAA9 transcript gradient is dissipated, which leads to a decrease 
of transcript abundance in the placenta, funiculus and inner integument of 
embryonic sac. The down-regulation of IAA9 transcript levels in tomato plants 
resulted in a pleiotropic phenotype. The IAA9-antisense lines formed simple 
leaves instead of wild-type compound leaves, and fruit initiation occurs prior to 
pollination and fertilization. These phenotypes suggest that IAA9 acts as a 
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transcriptional repressor of auxin signaling for fruit set (Wang et al., 2005). 
Consistently with this, transcriptomic profiling of tomato ovary showed the 
down-regulation of IAA9 at three days post-pollination (Wang et al., 2009a). 
Besides, some other Aux/IAAs also showed changes after pollination, such as 
IAA2, IAA5, IAA14 and IAA18 (named by Vriezen et al., 2008). Among those, 
IAA2 and IAA14 were also found to increase in the pollinated ovary, specifically 
in the placenta and ovular tissues. This suggests that the newly synthesized 
Aux/IAAs are rapidly degraded via the SCFTIR1-mediated ubiquitination and 
implies the wide activity of auxin after pollination. 
In addition of Aux/IAA genes, ARF genes also play critical roles for fruit set. 
SlARF7, the homologue of Arabidopsis ARF7, is highly expressed in the 
placental tissues of the flower, and then rapidly decreases after pollination (de 
Jong et al., 2009b). Down-regulation of SlARF7 by RNAi strategy leads to 
parthenocarpic fruit formation, suggesting it is a negative regulator of fruit set. 
In Arabidopsis, ARF8 was detected in sepals, anthers and carpels prior to 
anthesis. At anthesis, expression of ARF8 was strong within the mesocarp 
layers of the fruit, and in the septum and ovules. After fertilization, ARF8 protein 
declined in embryo and endosperm compartments (Goetz et al., 2006). This 
expression pattern is similar to that of SlARF7 in tomato, and interestingly, 
parthenocarpic phenotype was also observed in arf8 mutant, suggesting that 
SlARF7 and Arabidopsis ARF8 may shares analogous function in fruit setting. 
However, arf8 mutant allele contains a mutation in the putative translation 
initiation codon, which may result in a truncated protein. Introduction of this 
aberrant form of ARF8 in tomato also results in parthenocarpic fruit set (Goetz 
et al., 2007), indicating that SlARF8 may compete with endogenous SlARF8 or 
interfere with SlARF7 protein in the formation of protein complexes. However, 
overexpression of SlARF8 in tomato also leads to parthenocarpic fruit formation, 
suggesting that SlARF8 may function in a different way than SlARF7. In addition, 
overexpression of the stable form of SlARF10 (35S:mSlARF10) that escapes 
miR160-targeted degradation, also leads to seedless fruit (Hendelman et al., 
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2012). Moreover, instead of large functional seeds, the transgenic fruit 
contained extremely tiny and soft seed-like structures that could not germinate. 
Further inspection suggests that this impaired seed development is probably 
due to perturbation of a post-fertilization process. This study indicates that ARF 
repressors also play critical roles in fruit setting.  
Besides, parthenocarpy has also been observed when auxin perception is 
affected. Overexpression of the tomato SlTIR1 altered the content of numerous 
auxin-responsive genes and resulted in parthenocarpy, demonstrating the 
importance of auxin perception in tomato fruit set (Ren et al., 2011). 
 
 
Figure 10. A model for the TIR1/AFB-mediated auxin signaling pathway. (A) DIII/IV 
regions of Aux/IAAs and ARFs are homologous and the DIII/IV of most Aux/IAAs and ARFs 
form a PB1 domain that comprises both an acidic (+) and a basic (-) face. (B) When auxin 
level is low, Aux/IAA proteins and ARFs form multimers through directional interaction 
between the acidic and basic interfaces of their DIII/IV regions. Aux/IAAs in the multimers 
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recruit co-repressor complexes, which consist of TPLs and HDACs and repress 
transcription of target promoter through removing acetyls (Ac) from local chromatin. In 
addition, Aux/IAAs in the multimers may block ARFs from efficient binding to AuxREs in 
their target promoters. When auxin level is high, auxin promotes ubiquitination and 
degradation of Aux/IAAs through a SCFTIR1/AFB-proteosome module, and the released 
ARFs form dimers and even higher-order complexes that activate expression of target 
genes. (Wang and Estelle, 2014) 
1.7.5  Gibberellin signal pathway for fruit set 
Wittwer et al (1957) showed that a second type of growth substance, 
gibberellins (GAs), can also trigger parthenocarpic fruit formation. Right after 
this finding, several gibberellin-like plant hormones were identified in different 
families of flowering plant, leading to the assumption that GAs are also involved 
in early stages of fruit development. So far, remarkable advances have been 
made in the past few years with regard to how GA biosynthesis, response and 
signaling pathway influences fruit initiation (Hu et al., 2008; Rieu et al., 2008; 
Dorcey et al., 2009; Mariotti et al., 2011; Carrera et al., 2012; Fuentes et al., 
2012; Garcia-Hurtado et al., 2012). Application of active gibberellins (GA1 and 
GA3) in the absence of pollination can induce fruit set in several horticultural 
species and in Arabidopsis (Gillaspy, 1993; Dorcey et al., 2009). While 
application of GA inhibitors resulted to restricted fruit growth (Serrani et al., 
2008). The increased hormonal content in parthenocarpic plants suggests that 
endogenous GA concentration in developing ovaries is the limited factor 
controlling fruit development. Further, blocking GA inactivation by knocking-out 
of the five GA inactivating enzymes, GA 2-oxidases, also leads to the formation 
of parthenocarpic fruits (Rieu et al., 2008). GA biosynthesis enzymes (GA 20-
oxidase and GA 3-oxidase) are required for silique elongation (Hu et al., 2008; 
Rieu et al., 2008) and alternation of active GA form (GA4) in tomato by 
overexpression of citrus CcGA20ox1 also triggers fruit growth without 
pollination (Garcia-Hurtado et al., 2012). However, in tomato plants with 
constitutive repression of SlGA20ox1, the ovaries remained fertile and 
developed normally after cross-pollination with wild-type pollen, but exhibited 
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parthenocarpic trait (Olimpieri et al., 2011). Moreover, the individual silencing of 
SlGA20ox1, SlGA20ox2, and SlGA20ox3 genes still have no effects on fruit set 
(Xiao et al., 2006), suggesting that more than one GA20ox gene is required for 
controlling fruit set in tomato. Taken together, these studies indicate that 
gibberellin accumulation is critical for fruit set.  
The GA signal transduction pathway (Figure 11) requires the recognition of 
GA by its receptor called GA INSENSITIVE DWARF1 (GID1). The GID1–GA 
complex interacts with the nuclear repressor DELLA leading to its ubiquitin-
dependent proteolytic degradation through the 26S proteasome. When there is 
no GA, DELLA proteins repress the gibberellin responsive genes. While the 
presence of GA3 stimulates the degradation of DELLA, and then, releases the 
repression from DELLA to initiate GA signal transduction. Reducing the mRNA 
level of SlDELLA gene in tomato induced very similar phenotypes to gibberellin-
induced fruit and CcGA20ox1-overexpressing fruits (Martí et al., 2007), as fruits 
were facultative parthenocarpic, smaller in size, and elongated in shape. This 
indicates that reducing DELLA mRNA levels of may release the repression of 
downstream proliferating factors involved in the gibberellin signal pathway, 
which are normally induced after successful pollination and fertilization. 
Therefore, SlDELLA is a negative regulator for fruit set by restraining the 
gibberellin signal and thereby preventing ovary growth prior to pollination and 
fertilization. 
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Figure 11. A model for the gibberellin signaling pathway (Lor and Olszewski, 2015).  
 
In tomato, fruit set is partly mediated by GAs following a complex but yet 
unknown hormonal cross-talk with auxin. However, in despite of the advances 
that shed some light on the regulation of fruit setting, to date, the molecular 
mechanisms by which these hormones regulate fruit set and development are 
still poorly understood. Transcriptomic analysis showed that in  GA-induced 
ovaries, some auxin signalling genes are affected (Vriezen et al., 2008), 
suggesting that auxin may act prior to or independently of GA. In support of this 
hypothesis, Serrani et al., (2008) showed that application of IAA or 2,4-D 
together with GA synthesis inhibitors (PCB) can significantly reduce 
parthenocarpic fruit setting and growth, suggesting that the effect of auxin was 
mediated by GA. Indeed, parthenocarpic fruits induced by 2, 4-D had higher 
levels of active GA1 than unpollinated ovaries. Also, 2,4-D can alter GA 
metabolism in vivo, and  the transcript levels of genes encoding 
copalyldiphosphate synthase (SlCPS), SlGA20ox1, SlGA20ox2, and 
SlGA20ox3, and SlGA3ox1 are higher in 2, 4-D treated ovaries, while transcript 
levels of GA-inactivating enzyme SlGA2ox2 are lower. These results suggest 
that auxin-induced fruit-set in tomato is mediated partially by gibberellins. 
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Furthermore, the silencing of SlARF7 in tomato affected part of the auxin 
signaling response pathway, and resulted in enhanced GA signaling. However, 
the levels of GA were strongly reduced, suggesting that SlARF7 also acts as a 
modifier of the GA response during the early stages of tomato fruit development.  
2. Epigenetics 
The term epigenesis means "extra growth", taken directly from Koine Greek 
ἐπιγέννησις, used in English since the 17th century. Later, "epigenetics" is 
coined by C. H. Waddington in 1942 as a portmanteau of the words epigenesis 
and genetics. Figure 12 describe the major events in epigenetics in the last 
three centuries. In 2008, a consensus definition of the epigenetic trait, "stably 
heritable phenotype resulting from changes in a chromosome without 
alterations in the DNA sequence", was made at a Cold Spring Harbor meeting 
(Berger et al., 2009). Since then, many words were generated in parallel to 
"genetics". The "epigenome" is a parallel to the word "genome", referring to the 
overall epigenetic state of a cell, and epigenomics refers to more global 
analyses of epigenetic changes across the entire genome. The phrase "genetic 
code" has also been adapted—the "epigenetic code" has been used to describe 
the set of epigenetic features that create different phenotypes in different cells. 
It could also represent the total state of the cells, with the position of each 
molecule accounted for in an epigenomic map, a diagrammatic representation 
of the gene expression, DNA methylation and histone modification status of a 
particular genomic region. In brief, epigenetics is a frontier field in the genetic 
science. 
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Figure 12. Timeline of epigenetics study (http://www.epigenetic.us/disco.htm) 
2.1 General introduction to chromatin dynamics 
In eukaryotic cells, the DNA is organized in a dynamic polymeric complex 
called chromatin. The fundamental repeating unit of the chromatin polymer is 
the nucleosome. The nucleosome contains a nucleosome core with 145-147 
base pairs (bp) of DNA wrapped around an octamer of histone proteins, 
composed of two copies of four types of histones, including histone H2A, 
histone H2B, histone H3, and histone H4 (Figure 13). All nucleosome cores are 
connected with a linker DNA. Approximately 20bp of this linker DNA is typically 
found in association with the linker histone H1. The nucleosome core together 
with the linker histone is called the chromatosome. Adding the remaining linker 
DNA to the chromatosome completes the nucleosome.  
Chromatin is composed of long arrays of nucleosomes (Figure 13). These 
arrays are progressively condensed through a hierarchy of higher-order 
structures, starting with an extended conformation and ultimately generating 
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two distinct cell-cycle-specific forms, interphase chromatin and metaphase 
chromosomes. Importantly, chromatin is not simply a scaffold for DNA. On the 
contrary, it is an active signaling hub in all the genome-templated processes, 
from gene expression to DNA replication and DNA damage repair. Chromatin 
assembly pathways and nucleosome remodeling complexes control 
nucleosome composition, occupancy, and positioning throughout the genome. 
The chemical landscape of nucleosomes is varied through an extensive 
network of histone posttranslational modifications (PTMs) and the incorporation 
of histone sequence variants, which carry variant-specific modifications. 
Besides, DNA also harbors chemical modifications on its own. Together, this 
allows for specific recruitment and exclusion of downstream effectors, leading 
to direct and indirect control of chromatin structure and function. The complex 
and dynamic nature of chromatin is exemplified in the cell cycle regulated 
condensation of interphase chromatin into mitotic chromosomes, which 
following mitosis then redistributes throughout the nucleus.  
 
  
Figure 13. Nucleosome structure. Left: The crystal structure of the nucleosome core 
particle consisting of H2A (yellow), H2B (red), H3 (blue) and H4 (green) core histones 
and DNA. Middle: The major structure in DNA compaction: nucleosome, 30 nm fiber and 
chromosome. Right: Nucleosomes composed to chromatin. 
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2.2 Posttranscriptional histone modifications in plant 
As the exposing of the N-terminal tails of histone proteins from the 
nucleosome core, the most majority of histone PTMs occur on these tail regions. 
Histones are subjected to different kinds of PTMs such as methylation, 
acetylation, phosphorylation, ubiquitination, and sumoylation. The interaction 
between negatively charged DNA phosphate backbone and the positively 
charged lysine and arginine-rich histone proteins is key to the dynamic of 
nucleosome. The “histone code” hypothesis proposes that the combination of 
different covalent modification states of these lysine and/or arginine residues 
on histone tails (Figure 14, 15) can provide signals for recruitment of specific 
chromatin-associated proteins, which in turn alter chromatin states and affect 
transcriptional regulation (Jenuwein and Allis, 2001). Among the PTMs, 
acetylation and methylation are the two most commonly studied forms.  
 
 
 
Figure 14. Diverse post-translational modifications present in Histones.  
ac-acylation, ph-phosphorylation, me-methylation, ub1-ubiquitinylation. 
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Figure 15. The role of chromatin during transcription (Li et al., 2007) 
2.2.1 Histone acetylation for plant development 
Histone acetylation is carried out by histone acetyltransferases (HATs). 
These enzymes catalyze the transfer of an acetyl group from acetyl-coenzyme 
A (acetyl-coA) to an amino group of a histone lysine residue. This transfer can 
neutralize the positively charged lysine residue, thus weakening the interaction 
with negatively charged nucleosomal DNA and neighboring nucleosomes, and 
resulting in a more open chromatin structure (Figure 16, reviewed in 
Shahbazian and Grunstein, 2007; Li and Reinberg, 2011). Besides, lysine 
acetylation is a reversible modification, which can be removed by histone 
deacetylases (HDAC).  
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Figure 16. Acetylation targets Lys residues in the amino-terminal tails of core 
histone proteins. A string of nucleosomes is shown with the tails protruding when 
acetylated. Acetylation of the tail domains inhibits the folding of nucleosome arrays into 
secondary and tertiary chromatin structures, with acetylation of histones H2B and H4 
having the greatest effect on tertiary structure formation. Thus, histone tail acetylation 
results in chromatin decondensation, thereby allowing access to transcription factors and 
other transcription co-activators. (Verdin and Ott, 2015) 
 
Most of the studies on plant histones were carried out in the model 
organisms Arabidopsis. One type of HATs, AtGCN5, has already been well 
characterized both in vitro and in vivo (Srivastava et al., 2015). In yeast, GCN5 
protein is a component of several multi-subunit protein complexes, such as ADA 
and SAGA (Grant et al., 1997). In each complex, GCN5 cooperates with other 
common adaptors such as the ADA2 protein to stimulate transcriptional 
activation (Balasubramanian et al., 2002). Similarly in Arabidopsis, AtGCN5 
can interact with adaptor proteins AtADA2a and AtADA2b. And this complex 
can then be recruited by other transcription factors (e.g., C-repeat/DRE binding 
factor 1, CBF1). Both ada2b and gcn5 mutants can induce various pleiotropic 
defects in Arabidopsis, including dwarfism, aberrant root development, short 
petals and stamens, and reduced expression of cold-regulated genes in cold 
acclimation (Vlachonasios et al., 2003). These studies suggest that histone 
acetylation plays an important role in plant gene expression in response to 
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environmental changes. AtGCN5 has also been isolated in the suppressor 
screen for a topless-1 mutation (tpl-1) that transforms the shoot pole into a 
second root pole during embryogenesis (Long et al., 2006). When mutating 
AtGCN5 in the tpl-1 background, the shoot pole was recovered with proper 
differentiation (Long et al., 2006), suggesting AtGCN5 might repress the 
transcription of meristem controlling genes (e.g. WUS) through activation of 
their upstream repressors.  
Currently, lysine acetylation has been found to occur on H3 (K4, K9, K14, 
K18, K23, K27, K36 and K56), H4 (K5, K8, K12, K16, K20 and K91), H2A (K5 
and K9) and H2B (K5, K12, K15, K16, K20 and K120). In general, this PTM is 
largely associated with a transcriptionally active state. So far, three histone 
effectors capable of reading acetylated lysine have been identified (Musselman 
et al., 2012). The bromodomain is the most thoroughly characterized 
acetyllysine reader found in various types of nuclear proteins including histone 
acetyltransferases, transcriptional coactivators and chromatin-remodelling 
factors (Filippakopoulos et al., 2012). Despite little sequence similarity between 
family members, bromodomains fold into a highly conserved four-helix bundle 
structure to ensure the insertion of of actyllysine (Figure 17). All known AcK 
binding pockets are hydrophobic with hydrogen bond capacity at the bottom. 
AcK intercalates into the pocket mainly through a hydrogen bond and the 
interaction is stabilized by a network of water-mediated intermolecular 
hydrogen bonds (Zeng et al., 2010). Besides, the double PHD finger (DPF) of 
human Dpf3b protein and the double pleckstrin homology (PH) domain of the 
histone chaperone Rtt106 have been found to associate with acetylated histone 
peptides (Zeng et al., 2010; Su et al., 2012). But they bind to different types of 
histone acetylation marks, with PHD finger module interact with H3K14ac and 
Rtt106 interact with H3K56ac. Recognition of acetyllysines shows significant 
impact on transcription control. As the BRD family of proteins is composed of 
transcription regulators, generally they are specific for singly or multiply 
acetylated histone peptides. Members of an important subgroup of 
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bromodomain proteins contain an extra-terminal domain and act as 
transcription factors in Arabidopsis. Three of these transcription factors, 
GTE1/IMB1, GTE4 and GTE6, have been functionally characterized and are 
involved in seed germination, cell division and leaf development, respectively 
(Duque and Chua, 2003; Yii et al., 2005; Airoldi et al., 2010). Moreover, other 
proteins containing bromodomain module, such as BRAHMA (BRM), an SNF2 
chromatin-remodelling ATPase, can interact with SWI3C and forms an ATP-
dependent chromatin-remodelling complex involved in development, 
phytohormone signalling and stress response (Wu et al., 2012b; Efroni et al., 
2013; Yang et al., 2015).  
 
 
Figure 17. Structures of the readers bound to histone peptides that are acetylated 
at lysine residues (Musselman et al., 2012).  
 
The histone deacetylase contains four types of enzymes (I, II, III and IV). 
With the exception of class IV that is plant specific (the HD2-like proteins), 
others are homologous to yeast RPD3 (reduced potassium dependency protein 
3), HDA1 (histone deacetylase 1 protein), and SIR2 (silent information regulator 
protein 2) proteins, respectively. Studies in yeast and plant have shown that 
different histone deacetylases are involved in distinct biological processes but 
may also have some overlapping functions. In Arabidopsis, AtHD1 and AtHDA6 
are best characterized RPD3-like HDACs and exhibit divergent and overlapping 
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functions. AtHD1 is constitutively expressed (Wu et al., 2000; Zhou et al., 2005) 
and its down-regulation results in accumulation of hyperacetylated histone H3 
and H4 (Tian and Chen, 2001; Tian et al., 2003; Tian et al., 2004), whereas 
overexpression of AtHD1 reduces the amount of tetra-acetylated histone H3 
(Zhou et al., 2005), implying that AtHD1 possesses histone deacetylase activity. 
Besides, various developmental defects are observed in had1 mutants, 
including early senescence, serrated leaves, aerial rosettes, defects in floral 
organ identity and late flowering. AtHD1 may also cooperate with TPL (topless) 
to allow proper root and shoot differentiation during embryogenesis. Comparing 
to AtHD1, AtHD6 mutants do not show obvious abnormal phenotypes, as 
AtHDA6 is mainly responsible for repression of repetitive transgenic and 
endogenous genes as well as maintenance of NORs (nucleolus organization 
region). Regarding to HD2-like HDACs, three of the four AtHD2s are highly 
expressed in ovules, embryos, shoot apical meristems, and primary leaves. 
Down-regulation or overexpression of AtHD2A can lead to abortive seeds 
(Dangl et al., 2001; Zhou et al., 2004). Moreover, some genes involved in seed 
development and maturation were repressed in the transgenic plants 
overexpressing AtHD2A. ScHD2a, an ortholog of AtHD2A in Solanum 
chacoense (a wild species of potato), is strongly induced in ovules after 
fertilization (Lagacé et al., 2003). Collectively, these studies suggest that AtHD2 
plays roles in seed development. Altogether, these results indicate the 
importance of histone acetylation and deacetylation for plant development and 
in response to environmental changes.  
In tomato, fifteen SlHDACs were identified recently (Zhao et al., 2014). 
Most of them were expressed in both vegetative and reproductive tissues with 
different transcript abundance. Among them, SlHDA8, SlHDA1, SlHDA5, 
SlSRT1 and members of the HD2 family were specifically localized to the 
nucleus, whereas SlHDA3 and SlHDA4 were localized in both the cytoplasm 
and nucleus. Besides, yeast-two-hybrid assays demonstrated that TAG1 and 
TM29 can interact with SlHDA1 and SlHDA4, indicating that these MADS-box 
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proteins may recruit HDACs to regulate gene expression in reproductive 
development in tomato. 
In recent few years, with the development of chromatin immunoprecipitation 
followed by sequencing (ChIP-seq) strategies, the association profile of 
numbers of histone marks in the genome have been characterized in plant and 
other organisms. Different histone marks were characterized with different 
features. With genomic scale investigation in Arabidopsis on a widely studied 
acetylation mark (Zhou et al., 2010), H3K9ac, was found to target massive non-
transposable element (non-TE) genes and hundreds of transposable elements 
(TEs). In addition, H3K9ac was biased towards the 5' end of genes and peaked 
at the ATG position. Consistent with the role of acetylation, H3K9ac modification 
is correlated with gene expression.  
2.2.2  Histone methylation in plant development 
Histone methylation plays an essential role in diverse biological processes 
ranging from transcriptional regulation to heterochromatin formation. As one of 
the most complex modifications, it not only occurs at different residues (lysine 
and arginine) and distinct sites but also differs in the number of methyl groups 
added (Figure 18). Histone lysine methylation is an important and complex 
epigenetic mark that regulates both transcriptionally silenced and active 
chromatin domains, depending on which lysine residues are methylated and on 
the degree of methylation. Comparing with histone acetylation, lysine 
methylation does not affect the net charge of the modified residues, but it 
elevates the hydrophobicity and may alter intra- or intermolecular interactions 
or create new binding surfaces for reader proteins that bind preferentially to the 
methylated domain. In Arabidopsis, four types of histone methylation residues 
are mainly studied, including Lys4 (K4), Lys9 (K9), Lys27 (K27), and Lys36 (K36) 
of histone H3. Generally, histone H3K9 and H3K27 methylation is associated 
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with silenced regions, while H3K4 and H3K36 methylation is associated with 
active genes.  
 
Figure 17. Histone methylation and demethylation on lysine or arginine residues 
produce a complex and dynamically regulated system of epigenetic marks. (a) Mono-, 
di-, and tri-methylation are produced by dynamic lysine methylation catalyzed by HKMTs 
(histone lysine methyltransferases) and histone demethylases: LSD1 (lysine-specific 
demethylase1) and JHDMs (JmjC domain–containing histone demethylases). (b) Arginine 
methylation by type I and type II PRMTs (Liu et al., 2010).  
 
Lysine methylation writers are SET domain containing proteins. Based on 
the homology of SET domains with proteins in animals and yeast, in plants they 
are classified into four categories, including (a) SU(VAR)3– 9 groups [including 
SU(VAR)3–9 homologs (SUVH) and SU(VAR)3–9 related proteins (SUVR)], (b) 
E(Z) (enhancer of zeste) homologs, (c) TRX (trithorax) groups (TRX homologs 
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and TRX-related proteins), and (d) ASH1 (absent, small, or homeotic discs 1) 
groups [ASH1 homologs (ASHH) and ASH1- related proteins (ASHR)] 
(Baumbusch et al., 2001; Springer et al., 2003; ZHAO and SHEN, 2004). 
Although the enzymatic activity and specificity of these plant SET proteins are 
not known in all cases, genetic data suggest that they may act on the same 
lysine residues or related pathways to the homologous proteins or protein 
complexes in animals or yeast. However, there is still no studies on these 
proteins in tomato.  
2.2.2.1  H3K9 methylation 
The histone H3K9 methylation in animals occurs at mono-(H3K9me1), di-
(H3K9me2), and tri-(H3K9me3) levels and different level of methylation brings 
different outputs (Martin and Zhang, 2005). In Arabidopsis, histone H3K9 
methylation occurs with the same levels, but predominately existed as 
H3K9me1 and H3K9me2, while only a little H3K9me3 can be detected 
(Johnson et al., 2004). Immuno-staining of nuclei and ChIP assays found that 
H3K9me1 and H3K9me2 is conservatively enriched in chromocenters, 
suggesting its conserved roles in chromatin silencing among different species 
(Jackson et al., 2004; Mathieu et al., 2005; Fuchs et al., 2006). Consistent with 
the primary function of H3K9me2 in repressing transposon activities, genome-
wide ChIP assays followed by microarray analysis (ChIP-chip) revealed that 
H3K9me2 is enriched in transposons and repeated sequences. 
KRYPTONITE/SUVH4 (KYP) is the plant histone H3K9 methyltransferase. 
Loss-of-function of KYP in Arabidopsis can reactivate the loci in SUPERMAN 
and PHOSPHORIBOSYLANTHRANILATE ISOMERASE (PAI) which are 
transcriptionally silenced by DNA methylation in general, suggesting that H3K9 
methylation plays a role in DNA methylation–dependent gene silencing. By 
comparison with its homolog SU(VAR)3–9, which can add one, two, or three 
methyl groups to H3K9, KYP/SUVH4 mainly can add two, but not three, methyl 
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groups to histone H3K9 in vitro. Furthermore, H3K9me strongly interplays with 
DNA-methylation, which is critical for maintenance of genome-wide 
transcriptional gene silencing and genome stability (Fuchs et al., 2006). 
Although histone H3K9 methylation is essential for gene silencing, single 
mutation of SUVH2 or SUHV4, or triple mutation of KYP/SUVH4, SUVH5 and 
SUVH6 does not show obvious phenotypes. Only the combination of suvh2 
suvh9 and suvh4 show pleiotropic developmental defects, such as curled 
leaves and short plants. These investigations indicate that H3K9 methylation 
might be activated by several other types of SET-domain proteins, and they 
may have predominate effect on transposon silencing but relatively minor effect 
on gene activity.  
2.2.2.2  H3K27 methylation 
Histone H3K9 and H3K27 methylation are two repressive marks found in 
both animals and higher plants. In Arabidopsis, like H3K9me1/2, H3K27me1 is 
enriched at constitutive silenced heterochromatin (Mathieu et al., 2005; Fuchs 
et al., 2006). But unlike mono- and di-methylation of H3K9 in heterochromatin, 
tri-methylation of H3K27 occurrs in euchromatin (Turck et al., 2007a). 
H3K27me3 has been implicated in developmental regulation since it provides 
a cellular memory to maintain the repressed transcriptional states of targets 
genes during cell division. In animals, E(Z), a SET domain histone 
methyltransferase within polycomb repressive complex 2 (PRC2), catalyzes tri-
methylation of H3K27, which in turn is recognized by the chromodomain of 
POLYCOMB (Pc), a core component of the PRC1 complex. The Arabidopsis 
genome encodes homologs of all members of the conserved PRC2 complex, 
including three E(Z) homologs [CURLY LEAF (CLF), MEDEA (MEA), and 
SWINGER (SWN)], three Su(z)12 homologs [FERTILIZATIONINDEPENDENT 
SEED2 (FIS2), EMBRYONIC FLOWER2 (EMF2), and VERNALIZATION2 
(VRN2)], five p55 homologs [MULTICOPY SUPPRESSOR OF IRA (MSI)1–5], 
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and only one homolog of Esc [FERTILIZATION-INDEPENDENT ENDOSPERM 
(FIE)]. Thus, there are various possibilities for subunit combinations of 
functional PRC2 complex. Although CLF, MEA, and SWN are widely believed 
to be H3K27me3 methyltransferases, direct biochemical evidence is absent, 
possibly due to the requirement for the whole PRC2 complex for 
methyltransferase activity to occur.  
Genome-wide profiling of H3K27me3 reveals distinct establishment and 
spreading mechanisms between plants and animals. Unlike animals, wherein 
H3K27me3 associates with low-nucleosome-density regions and forms a broad 
block of inactive chromatin, the H3K27me3 modification in Arabidopsis 
preferentially localizes to the transcribed regions of genes, with a remarkable 
bias towards those immediately upstream of promoters and the 5 end of 
transcribed regions of genes, consistent with a role in transcriptional repression 
(Pan et al., 2007; Turck et al., 2007a). In addition, a large number of genes 
(∼17% of the coding genes) was found to be marked with H3K27me3, 
indicating that H3K27me3 is a major gene silencing mechanism in Arabidopsis 
(Pan et al., 2007). For instance, the EMF2-containing PRC2 complex, which is 
composed of EMF2, CLF, FIE, and MSI1, has been identified based on its 
function in repressing floral transition and floral homeotic gene expression. In 
emf2 mutants, the floral organ identity genes, such as APETALA1 (AP1), AP3, 
PISTILLATA (PI), and AGAMOUS (AG), are ectopically expressed, and 
H3K27me3 of the AG locus is dramatically decreased, which leads to the 
terminal flower formation with small and sterile inflorescence (Calonje et al., 
2008). Mutations in CLF also decrease the H3K27me3 modification in AG 
(Schubert et al., 2006), MADS-box gene AGAMOUS–LIKE 19 (AGL19) 
(Schönrock et al., 2006), FLC, and FT loci (Jiang et al., 2008), which results in 
early flowering and pleiotropic phenotypes, including curled leaves and partial 
homeotic transformation of the sepals and petals to carpels and stamens, 
respectively (Goodrich et al., 1997; Schubert et al., 2006). Besides, a missense 
mutation within the SET domain of CLF results in a mutant phenotype similar 
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to a clf null allele, indicating that CLF could be a true histone lysine methyl-
transferase in vivo and the enzymatic activity is necessary for its biological 
function.  
Unlike the well-characterized Arabidopsis E(Z) homologs, little is known in 
tomato. The tomato genome encodes two E(Z) homologs: SlEZ1 and SlEZ2, 
while a third gene, SlEZ3, is likely to encode a truncated non-functional protein. 
SlEZ2 showed highest homology level with AtCLF and both SlEZ1 and SlEZ2 
localize in the nucleus. However, they showed distinct expression patterns and 
functions in tomato development (Kit et al., 2010; Boureau et al., 2016). In situ 
hybridization indicated that SlEZ1 is expressed in tapetum and the mechanical 
layers of the stamen before flowering, while SlEZ2 is mainly expressed in the 
anthers, the carpel wall and the ovules. At anthesis, SlEZ1 is expressed in all 
the cells of the stamen wall, and with lower level in carpel walls, ovule cell layers 
and female gametophyte and in the placenta. However, SlEZ2 is mainly 
expressed in style at this stage. At 3 to 5 days after pollination, SlEZ1 mRNA 
was detected in the pericarp, in the developing seeds and in the external part 
of the columella. , SlEZ2 mRNAs were also abundant in placenta and young 
developing seeds. Furthermore, down-regulation of either of them by RNAi 
approach displayed pleiotropic phenotypes. SlEZ2 RNAi transgenic plants 
showed vegetative and reproductive defects, including reduced leaflet serration, 
abnormal floral organs, decreased fruit set rate and ectopic fruit formation. 
Together with a global H3K27me3 decrease in these plants, these data indicate 
that H3K27me3 is critical for vegetative and reproductive development in 
tomato. By contrast, of SlEZ1 RNAi transgenic plants display altered flower 
morphology, but neither vegetative nor fruit development are affected, 
indicating SlEZ1 may play specific roles in flower development. However, 
whether SlEZ1 affects H3K27me3 needs further inspection. 
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2.2.2.3  Histone H3K4 methylation 
In Arabidopsis two-thirds of the genes contain at least one type of H3K4 
methylation. H3K4me1/2/3 are highly enriched in genic regions but not in 
transposons. While H3K4me1 is abundant on the entire transcribed region with 
an apparent 3' bias, H3K4me2 and H3K4me3 accumulate predominantly in 
promoters and at 5' ends of genes (Zhang et al., 2009). H3K4me1/2 occur on 
both active and inactive genes, whereas H3K4me3 is present exclusively on 
active genes in Arabidopsis. Consistent with genome-wide investigations, 
levels of H3K4me3, but not H3K4me1/2, are positively correlated with transcript 
abundance.  
Histone H3K4 methylation is mediated by Trithorax group (TrxG) proteins, 
which act antagonistically to PcG proteins in regulating the homeotic gene 
(HOX gene) expression in Drosophila and animals. The functions of TrxG and 
PcG proteins are evolutionally conserved in plants, animals and even in fungi, 
where PcG proteins are generally required for maintaining a repressive state 
and TrxG proteins are responsible for the maintenance of an active state (Pien 
and Grossniklaus, 2007; Avramova, 2009). ARABIDOPSIS TRITHORAX 1 
(ATX1) is an active histone methyltransferase specific for histone H3K4 
(Alvarez-Venegas et al., 2003). Mutations in ATX1 can largely reduce the 
H3K4me3 levels. With a total of 6–8% in H3K4me2 and ∼15% in H3K4me3 the 
global levels were significantly decreased in atx1 mutants. Consistent with this, 
transcriptional levels of those genes were reduced, which leads to abnormal 
floral organ identity and slightly early flowering (Alvarez-Venegas et al., 2003; 
Pien et al., 2008). These data suggest that some other HKMTs could also 
catalyze H3K4 methylation (Alvarez-Venegas and Avramova, 2005). Indeed, 
the Arabidopsis genome encodes five TRX homologs and seven TRX related 
proteins. It is shown that ATX2 mediates H3K4 dimethylation on a few loci. 
ATXR3/SDG2 functions in many processes including gametophyte 
development, flowering time, leaf and root growth (Berr et al., 2009; Guo et al., 
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2010; Yun et al., 2012; Yao et al., 2013). In sdg2 mutants, there is a global 
genome-wide reduction in H3K4me3, suggesting it is a major H3K4 
trimethyltransferase in Arabidopsis (Berr et al., 2009; Guo et al., 2010).  
2.2.2.4  H3K36 Methylation 
Histone H3K36 is specifically methylated by histone methyltransferase 
ASH1 in mammals and Drosophila, and H3K36me2/3 are linked to transcription 
elongation (Berger, 2007; Li et al., 2007). The Arabidopsis genome encodes at 
least four ASH1 homologs and three ASH1-related proteins. Among them, the 
methyltransferase activities of SDG8, SDG26, and SDG4 have been identified 
by in vitro or in vivo approaches (Zhao et al., 2005; Cartagena et al., 2008; Xu 
et al., 2008). SDG8 is the major H3K36 methyltransferase in vivo required for 
global H3K36me2/3 (Dong et al., 2008; Xu et al., 2008). Mutations in SDG8 
cause early-flowering phenotypes, increased shoot branching and altered 
carotenoid composition. Mutations in SDG26 cause late-flowering phenotypes. 
Mutations in SDG4 greatly reduced the levels of H3K4me2 and H3K36me3, 
leading to decreased pollen tube length. These studies concluded that H3K36 
methyaltion is correlated with transcription elongation control, and showed 
different regulation roles in plant development, but whether the mechanism of 
such modifications in the regulation of transcription specific for plant or similar 
across different kingdoms in still unclear. 
2.2.2.5 Readers of Histone Methylation Marks 
Methylated histone residues are specifically recognized by ‘reader’ proteins, 
which combine with other protein complexes to interpret the epigenetic 
information resulting in specific molecular readouts. Domains that recognize 
histone lysine methylation include PHD (mainly K4), chromo (K4, K27, and K36), 
WD40 (K4, and K27), Tudor (K4), double/tandem Tudor (K4), MBT (K4), and 
PWWP (K36) domains (Yun et al., 2011).  
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The H3K4me readers mainly include PHD domain or Tudor domain 
containing proteins, which are coupled to the transcriptional machinery (TAF3), 
histone acetylation (YNG1, Sgf29, and ING4), histone deacetylation (ING1, and 
ING2) and histone demethylation (PHF2, and PHF8) in animals (Yun et al., 
2011). In plants, Alphin1-like proteins containing the plant specific PHD domain 
can bind H3K4me3 and interact with the PRC1 complex to silence seed 
maturation genes during germination, becoming a switch in histone methylation 
from H3K4me3 to H3K27me3 (Molitor et al., 2014). ING proteins including 
AtING1 and AtING2 both contain PHD domain and they are also able to bind 
H3K4m2/3 in vitro (Lee et al., 2009). Besides, two other PHD domain containing 
proteins, EBS and SHL, are found to be able to recognize H3K4me2/3. They 
can interact with the histone deacetylase HDA6 to maintain a low level of H3 
acetylation at the loci of the flowering time genes FT and SOC1 (Molitor et al., 
2014).  
The H3K27me3 readers, FIE PRC2 complex component, are shown to be 
able to bind H3K27me3 via WD40 domain to reinforce enrichment of 
H3K27me3 at target loci. The plant PRC1 component LHP1 also binds 
H3K27me3 through chromodomain to further silence gene expression (Turck 
et al., 2007b). Interestingly, while LHP1 binding profile is highly overlapped with 
the H3K27me3 mark, the lhp1 null mutant of this single copy gene has relatively 
mild phenotypic defects. More recent, two TELOMERE REPEAT BINDING 
(TRB) proteins were identified as lhp1 mutant enhancers. Their binding 
overlaps with telobox-motif enriched H3K27me3 marked genomic regions and 
both TRBs and LHP1 silence target genes (Zhou et al., 2015). 
The H3K36me3 readers, can be recognized by chromodomains. MRG15 
family proteins contain such domains, and are components of the NuA4 histone 
acetyltransferase complex in both Arabidopsis and animals (Wagner and 
Carpenter, 2012). In Arabidopsis, MRG1 and MRG2, two MRG15 family protein 
homologs, are ubiquitously expressed and localized to euchromatin and 
recognize the H3K36me3 mark (Bu et al., 2014). MRG1 and MRG2 redundantly 
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impact expression of the flowering time genes FLC and FT through bridging 
H3K36me3 and H4 acetylation to achieve high expression levels (Xu et al., 
2014). In addition, MRG1 and MRG2 physically interact with the histone 
methyltransferases HAM1 and HAM2. They have been also shown to bind 
H3K4me3 in vitro (Bu et al., 2014). A homolog in rice, MRG702, is also 
ubiquitously expressed and can read the H3K36me2/3 mark in the brassinolide 
hormone response pathway as well as during the flowering transition (Jin et al., 
2015). Many other H3K36me3 readers are also present but currently described 
in animals, mainly including PWWP domains (like that in the de novo DNA 
methylase DNMT3a or the H3K36me3 histone methyltransferases NSD1, 2, 3) 
(Wagner and Carpenter, 2012), Tudor domains and ZMYND11 which serves to 
dampen Pol II elongation and is linked to splicing (Guo et al., 2014).  
2.2.2.6 Histone demethylation 
In line with the dynamic transcription activity of genes during different 
developmental stages or under various environmental conditions, histone 
lysine methylation status is flexible and reversible. In contrast to methylases, 
histone demethylases remove the methyl groups from lysine or arginine 
residues of histones and have enormous impact on gene expression via 
modified chromatin structures. Two types of demethylases have been identified 
in plants: Lysine Specific Demethylase 1 (LSD1) homologues (four members in 
Arabidopsis) and JmjC domain-containing proteins (21 members in 
Arabidopsis), which are further divided into subgroups with different substrate 
preferences (Chen et al., 2011).  
LSD1 family proteins need flavin adenine dinucleotide (FAD) and only acts 
on mono- or di-methylated but not tri-methylated lysines. Out of the four 
members, three, FLD, LDL1 and LDL2, are involved in transition from 
vegetative to reproductive phase with partial redundancy by repressing FLC 
expression (Jiang et al., 2007). In ldl1ldl2 and ldl1 fld double mutants, H3K4me2 
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on FLC locus is elevated suggesting an H3K4 demethylases activity of the 
proteins. Besides, FLD has been shown to interact with HDA6 in flowing control 
(Yu et al., 2011), indicating the crosstalk between H3K4 demethylation and 
histone deacetylation in transcription repression.  
JmjC domain, a motif consists of conserved 2-oxoglutarate-Fe (II)-binding 
site found in the dioxygenase super family, was first reported by Tsuskada et al 
(Tsukada et al., 2005) . It is a signature motif for demethylation of methylated 
histone. Up to date, 21 JmjC enzymes were identified that possess lysine 
demethylase activity with distinct methylation site and state specificities in 
Arabidopsis, including the JHDM2 (H3K9me1/2) (Yamane et al., 2006), 
JMJD2/JHDM3 (H3K9me2/3 with some homologs exhibiting specificity for 
H3K36me2/3) (Cloos et al., 2006; Fodor, 2006), JARID1 (H3K4me2/3) 
(Christensen et al., 2007; Seward et al., 2007), and UTX/JMJD3 (H3K27me2/3) 
families (Agger et al., 2007; De Santa et al., 2007). In spite of number of 
homologs present in plants but there are very few reports showing the 
demethylation of lysine by JmjN/C containing proteins. Arabidopsis IBM1 
(increase in bonsai methylation1) gene encodes a jmjC domain containing 
protein in JHDM2 family, might affect DNA methylation through H3K9 
methylation, as mutation of IBM1 displays ectopic H3K9 methyation at the 
BONSAI locus, resulting in non-CG DNA hypermethylation and gene silencing 
(Saze et al., 2008). Loss-of-function of IBM1 also causes multiple 
developmental defects, including small and narrow leaves, pollen grain abortion, 
floral organ and embryo abnormalities and decreased reproduction (Saze et al., 
2008). In JMJD2 subfamily, Early Flowering 6 (ELF6/JMJ11), its close homolog 
Relative of Early Flowering 6 (REF6/JMJ12) and JMJ13 belong to this group 
(Sun and Zhou, 2008). ELF6 and REF6 play divergent roles in the control of 
flowering time, as mutations in ELF6 show an early flowering phenotype and 
ref6 mutants display a late flowering phenotype (Noh, 2004). Besides, ELF6 
and REF6 interact with BES1/BZR1 family of transcription factors which directly 
bind to the promoters of target genes and regulate the expression of TCH4 
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gene and mediate the brassinosteroid (BR) response, and this mediation is 
controlled through changing H3K9 methylation status on these brassinosteroid 
related genes, suggesting that ELF6 and REF6 may act as H3K9 demethylases 
(Yu et al., 2008). Furthermore, REF6 is found to specifically demethylate 
H3K27me3 and H3K27me2 on hundreds of genes involved in plant 
development (Lu et al., 2011a), probably reflecting the effect of different 
potential co-factors on substrate specificity of the enzyme. More recent, specific 
target motif of REF6 (CTCTGYTY) has been identified, and it can facilitate the 
recruitment of chromatin remodeler BRM in regulating gene expression (Li et 
al., 2016a). Besides, there is a plant-specific subfamily group of JmjC proteins. 
This group contains JmjN, JmjC, a C5HC2-zinc-finger, and FYRN/FYRC 
domains at their C-termini. Arabidopsis JMJ14 as one of these members 
showed demethylation activity on H3K4me3 and H3K4me2 at the FT locus, 
which is consistent with the fact that jmj14 mutants display a lower level of FT 
expression and an earlier flowering time (Lu et al., 2010). JMJ14 is also 
required for DRM2-mediated RdDM pathway (see 2.3.1) (Deleris et al., 2010). 
JMJ30 has been reported to be involved in the pace of circadian clock by 
regulating the center oscillators CCA1, LHY and TOC1 expression via a 
potential negative feedback loop between CCA1/LHY and JMJ30 (Lu et al., 
2011b).  
2.3 DNA methylation in plant 
DNA methylation is an important epigenetic mark involved in diverse 
biological processes such as gene and transposon silencing (Law and 
Jacobsen, 2010; He et al., 2011a; He et al., 2011b). It is a common form of DNA 
modification that antagonizes transcription in most eukaryotes, including 
vertebrates, plants and fungi. Transposons and repeats are the main DNA 
structures being modified, and loss of methylation leads to reactivation and 
transposition. For these reasons, methylation is commonly regarded as a 
   Chapter I: Bibliographic review 
45 
 
defense mechanism against non-self DNA elements to ensure genome stability. 
Among the many clades that methylate their genome, plants and invertebrates 
that have been analyzed so far show ‘mosaic’ methylation patterns as only 
specific genomic elements are targeted. More specifically, repetitive DNA and 
actively transcribed sequences are methylated. In the case of repetitive DNA, 
it is evident that DNA methylation is used for repressing expression and 
preventing further expansion of these elements. In the whole plants of 
Arabidopsis, the vast majority (91%) of transposons, and 20% of genes (free of 
transposable elements) are methylated. In plants, repetitive DNA methylation 
occurs through short RNAs derived from repeat transcripts that guide de novo 
methylation to this class of elements. In case of transcribed genes, methylation 
of actively transcribed genes does not seem to primarily regulate these genes. 
2.3.1 RNA-directed DNA methylation (RdDM) 
RNA interference (RNAi) is an umbrella term that describes gene silencing 
phenomena triggered by small RNAs. In the cytoplasm, small RNAs induce 
post-transcriptional gene silencing (PTGS) by targeting complementary 
mRNAs for degradation or translational repression. In the nucleus, small RNAs 
elicit transcriptional gene silencing (TGS) by directing repressive epigenetic 
modifications, such as DNA cytosine methylation and histone methylation, to 
homologous regions of the genome. In plants, the major siRNA-mediated 
epigenetic pathway is RNA-directed DNA methylation (RdDM). This was initially 
observed in potato (Wassenegger et al., 1994). Besides the canonical RNA 
interference (RNAi) machinery relying on Dicer proteins processing long 
double-stranded RNAs (dsRNAs) into siRNAs, Argonaute proteins performing 
siRNA effector functions, and DRM2 proteins, other components are also 
required for RdDM, including two plant specific RNA polymerases (Pol IV and 
Pol V), two putative chromatin remodeling factors (DEFECTIVE IN RNA-
DIRECTED DNA METHYLATION 1 [DRD1] and CLASSY 1 [CLSY1]), and 
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several other identified proteins (Matzke and Mosher, 2014). A detailed current 
mechanism of canonical RdDM is described in Figure 19 by characterizing 
these components.  
 
 
Figure 19. Canonical RdDM pathway (Reviewed by Matzke and Mosher, 2014). In RNA 
polymerase IV (Pol IV)-dependent small interfering RNA (siRNA) biogenesis (left panel), 
Pol IV transcribes a single-stranded RNA (ssRNA) that is copied into a double-stranded 
RNA (dsRNA) by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) with the assistance 
of the chromatin remodeler CLASSY 1 (CLSY1). The dsRNA is processed by DICER-LIKE 
3 (DCL3) into 24-nucleotide siRNAs that are methylated at their 3ʹ ends by HUA 
ENHANCER 1 (HEN1) and incorporated into ARGONAUTE 4 (AGO4). SAWADEE 
HOMEODOMAIN HOMOLOGUE 1 (SHH1), which binds to histone H3 methylated at lysine 
9 (H3K9me), interacts with Pol IV and recruits it to some target loci. In Pol V-mediated de 
novo methylation (middle panel), Pol V transcribes a scaffold RNA that base-pairs with 
AGO4-bound siRNAs. AGO4 is recruited through interactions with the AGO hook regions 
in the carboxy-terminal domain of the largest subunit of Pol V and with KOW DOMAIN-
CONTAINING TRANSCRIPTION FACTOR 1 (KTF1). RNA-DIRECTED DNA 
METHYLATION 1 (RDM1) links AGO4 and DOMAINS REARRANGED 
METHYLTRANSFERASE 2 (DRM2), which catalyses de novo methylation of DNA. Pol V 
transcription may be enabled by the duplex unwinding activity of the chromatin remodeller 
DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 (DRD1), whereas the single-
stranded DNA-binding activity of RDM1 and the putative cohesin-like roles of DEFECTIVE 
IN MERISTEM SILENCING 3 (DMS3) and MICRORCHIDIA 6 (MORC6) may help to 
generate and stabilize the unwound state. Pol V recruitment is potentially aided by SUVH2 
or SUVH9, both of which bind to methylated DNA. Nucleosome positioning (right panel) is 
adjusted by the SWI/SNF complex, which interacts with the IDN2 (INVOLVED IN DE NOVO 
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2)–IDP (IDN2 PARALOGUE) complex that binds to Pol V scaffold RNAs. Deposition of 
repressive histone modifications — such as H3K9me by SUVH4, SUVH5 and SUVH6 — 
is facilitated following removal of active marks by HISTONE DEACETYLASE 6 (HDA6), 
JUMONJI 14 (JMJ14) and UBIQUITIN-SPECIFIC PROTEASE 26 (UBP26). Higher-order 
chromatin conformations that reinforce the silent state are established through the ATPase 
activities of MORC1 and MORC6. 
 
RdDM in plants is unique among small RNA guided chromatin modifications 
because it depends on a specialized transcriptional machinery that is centered 
around two plant-specific RNA polymerase II (Pol II)-related enzymes called Pol 
IV and Pol V. The process of RdDM involves the following steps (Figure 19). 
Transcripts generated from Pol IV are formed to long dsRNAs, processed by 
DICER-LIKE 3 (DCL3) into 24nt siRNAs and exported to the cytoplasm, then 
one strand of siRNAs loaded into AGO4. Following this loading, the complexes 
are imported into the nucleus, where the siRNA guides the targeting of nascent 
scaffold transcripts from Pol V by sequence complementarity. Finally, this 
complementary results in recruiting of DNA methyltransferase to mediate de 
novo methylation of cytosines in all classes of sequence contexts, and 
ultimately leads to transcriptional silencing at the genomic loci that are 
transcribed by Pol V, particularly transposons and other repetitive DNA. 
According to the core complexes (Pol IV and Pol V) in RdDM pathway, several 
associated components involved in Pol IV‑dependent siRNA biogenesis and 
Pol V-mediated de novo methylation were reviewed (Matzke and Mosher, 
2014).  
Analyses of Pol IV defective mutants indicated that the most majority (>90%) 
of the precursors of 24-nucleotide siRNAs produced from Pol IV polymerase. 
So far, recruitment of Pol IV to target genomic loci, which are primarily 
transposons and other repeats, is not fully understood (Zhang et al., 2007b; 
Mosher et al., 2008). The initial process also involves histone modifications. Pol 
IV is recruited to a subset of its genomic targets by the Pol IV-associating 
protein SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1), which binds to 
H3K9me and unmethylated H3K4 (Law et al., 2011; Liu et al., 2011). shh1 
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mutants demonstrated defects in gene silencing, DNA methylation, and siRNA 
accumulation, and subsequent genome-wide sequencing of shh1 mutant 
showed that SHH associated siRNA overlapped approximately half of the 
siRNA produced in pol iv mutant, indicating that Pol IV can be recruited 
specifically at SHH1-regulated genomic loci (Law et al., 2013). SHH1 connects 
the DNA methylation machinery with H3K9 methylation, establishing yet 
another self-reinforcing loop between repressive chromatin modifications.  
Pol IV is thought to transcribe single-stranded RNAs (ssRNAs) at its target 
loci (Figure 19). Then, RNA-dependent RNA polymerase RDR2 interact with 
Pol IV to generate dsRNAs. The chromatin remodeler CLSY1 participates to 
ease the passage of Pol IV along the genomic locus. DCL3 recognizes dsRNAs 
to cleavage dsRNA into 24nt siRNAs, which are stabilized by methylation at 
their 3ʹ-OH groups by HUA ENHANCER 1 (HEN1) and loaded onto AGO4.  
Pol V transcripts provides scaffold RNAs to interact with siRNAs and recruit 
several other silencing factors. These transcripts are either triphosphorylated 
or capped at the 5ʹ ends and lack poly(A) tails. However, how Pol V is recruited 
to its target sequences remain unclear. Some insights into binding site 
preferences for Pol V-mediated RdDM are being revealed from genome-wide 
studies. ChIP–seq experiments were performed and the data indicates that 
most Pol V localized at transposons and repeats being associated with 24-
nucleotide siRNAs and with cytosine methylation, thus indicating that Pol V is 
mediating RdDM at these sites (Wierzbicki et al., 2012). About 25% of genomic 
sites occupied by Pol V lack these features, suggesting that solely binding Pol 
V is not sufficient for RdDM. Overall, Pol V-mediated RdDM has been found to 
act at a wide range of locations throughout the genome but with preferences 
for euchromatic regions, particularly at small, ‘young’ (that is, recently acquired) 
intergenic transposons and at genes that contain transposons or other repeats 
in their promoters, introns or coding regions (Wierzbicki et al., 2012; Zhong et 
al., 2012). The location of many RdDM targets in euchromatin is consistent with 
the proposed evolution of both Pol IV and Pol V from Pol II, which transcribes 
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genes primarily in euchromatic contexts. RdDM seems to be excluded to some 
extent from pericentromeric heterochromatin, which is enriched in larger 
transposons. Instead, the modifications at pericentromeric heterochromatin 
(that is, H3K9me and DNA methylation) mostly occur in a siRNA independent 
manner and rely on the chromatin remodeler DECREASED DNA 
METHYLATION 1 (DDM1); the DNA (cytosine-5)-methyltransferase 1 (DNMT1) 
class enzyme METHYLTRANSFERASE 1 (MET1; also known as DMT1); and 
the plant-specific DNA methyltransferases CHROMOMETHYLASE 2 (CMT2) 
and CMT3 (Zemach et al., 2013; Stroud et al., 2014).  
Pol V recruits AGO4 through the AGO hook region in the carboxy-terminal 
domain of its unique largest subunit NUCLEAR RNA POLYMERASE E1 
(NRPE1), which interacts with KOW DOMAINCONTAINING TRANSCRIPTION 
FACTOR 1 (KTF1; also known as SPT5L) — a putative transcription elongation 
factor that also contains an AGO hook motif (He et al., 2009; Gao et al., 2010). 
During Pol V-mediated transcription, the AGO4-bound siRNA is believed to 
base-pair with the nascent Pol V transcript and recruit DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2) — a member of the 
DNMT3 family of DNA methyltransferases — to catalyse de novo methylation 
at the homologous genomic sites. A key part in the recruitment of DRM2 may 
be played by RDM1, which is the only protein that has been reported to interact 
with both AGO4 and DRM2, and to bind to methylated single-stranded DNA 
(ssDNA). The role of RDM1 in the RdDM mechanism might thus extend beyond 
its participation in the DDR complex. INVOLVED IN DE NOVO 2 (IDN2) is a 
dsRNA binding protein that is related to SUPPRESSOR OF GENE SILENCING 
3 (SGS3) and is involved in PTGS. IDN2 forms a complex with two partially 
redundant paralogues, IDP1 and IDP2. The IDN2–IDP complex may stabilize 
base-pairing between siRNAs and Pol V scaffold RNAs, and facilitate RdDM by 
altering nucleosome positioning through interactions with the SWI/SNF 
chromatin remodeling complex (Ausin et al., 2012). 
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Figure 20. Pol II–RDR6–dependent siRNA biogenesis (noncanonical 
pathway). Pol II transcribes TAS noncoding RNAs, which undergo microRNA-guided 
slicing by either AGO1 or AGO7. An RNA cleavage product is copied by RDR6 into 
dsRNA, which is processed into 21–24-nt siRNAs by various DCL activities. The 21–
22-nt size class, called trans-acting siRNAs (tasiRNAs), are loaded onto AGO1 or 
AGO7 to induce posttranscriptional gene silencing (PTGS) of complementary target 
mRNAs in the cytoplasm, while some tasiRNAs are incorporated into AGO4/6 to guide 
Pol V–mediated de novo DNA methylation of TAS genes. A related pathway of Pol II–
RDR6 RdDM occurs at newly inserted transposons. (Matzke and Mosher, 2014) 
 
Besides the canonical RdDM pathway introduced above, different types of 
non-canonical RdDM were observed in recent, including RDR6−DCL3 RdDM, 
RDR6 RdDM, the Pol IV− NERD pathway, the Dicer-independent pathway, and 
the double-strand break repair pathway (Cuerda-Gil and Slotkin, 2016).  
For RDR6 RdDM and Pol IV-NERD pathway, recent findings indicate that 
Pol II-RDR6 is involved in the transition from PTGS to TGS in Arabidopsis, 
which provides another variant distinct from Pol IV–RDR2–DCL3 RdDM 
pathway. This was observed at some TAS loci, which encode trans-acting 
siRNAs, and newly integrated transposons (Wu et al., 2012a; Marí-Ordóñez et 
al., 2013). This pathway relies on Pol II transcripted long non-coding RNA that 
are copied by RDR6 (homolog of RDR2) and processed by DCL2 and DCL4 
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into 21–22-nt siRNAs. These siRNAs are thought to interact with AGO4 or 
AGO6 to elicit RdDM in a Pol V–dependent manner and to bind to AGO1 to 
guide cleavage of target transcripts in a classical PTGS process (Figure 20). A 
plant-specific protein, NEEDED FOR RDR2-INDEPENDENT DNA 
METHYLATION (NERD), which contains several chromatin-associated 
domains as well as glycine-tryptophan (GW) repeats that bind AGO proteins 
(Pontier et al., 2012), has been implicated in RDR6 RdDM. NERD associates 
with histone H3 and AGO2 and is needed for siRNA accumulation at NERD 
target loci, which tend to be newly acquired transposon insertions.  
Moreover, it has also been found that TE mRNAs converted into dsRNA by 
RDR6 can feed into RdDM, however, this RdDM occurred through dsRNA 
cleavage by DCL3 rather than DCL1 and DCL2, producing 24-nt siRNAs (Marí-
Ordóñez et al., 2013). This pathway may represent an important mechanism 
that can detect high copy numbers or elevated expression of TEs and 
transgenes, and initiate RdDM when PTGS is saturated (Cuerda-Gil and Slotkin, 
2016).  
When DNA damage induced by a double-strand break, a RdDM-like 
complex is also being recruited and is necessary for efficient repair (Wei et al., 
2012). This repair pathway produces 21-nt siRNAs that are dependent on 
RDR6 and DCL2/DCL4, similar to PTGS or RDR6 RdDM, but differ in the fact 
that the primary transcripts responsible for this pathway are dependent on Pol 
IV, instead of Pol II. Double-strand break-induced 21-nt siRNAs participate in 
DNA break repair through their incorporation into AGO2 and presumed 
targeting of a Pol V scaffolding transcript. Supporting the potential role of AGO2 
directly interacting with the Pol V chromatin-bound complex, the closely related 
AGO3 protein was recently found to drive RdDM through its interaction with 24-
nt siRNAs, suggesting that AGO proteins outside of the AGO4/AGO6/AGO9 
clade can interact with the Pol V chromatin complex to direct RdDM (Zhang et 
al., 2016). 
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Unexpectedly, more recent findings have shown that only 16% of the RdDM 
target loci that required Pol IV and/or Pol V are fully dependent on Dicer activity. 
This indicates a Dicer-independent RdDM pathway, by which non-diced 
dsRNAs (Pol IV-transcribed non-coding RNAs, P4 RNAs, mostly 25-50 nt RNAs) 
are loaded into the AGO4 protein, and subsequently trimmed down at their 3' 
end to the appropriate siRNA size by exosome-core complex exonucleases 
(Yang et al., 2016; Ye et al., 2016). The Dicer-independent mechanism 
produces an array of siRNA size classes including 21−24-nt siRNAs, and these 
Dicer-independent siRNAs (termed sidRNAs) contribute to RdDM of their 
targets. Thus far, it is unclear how significant the role of sidRNAs are outside 
the dcl2/dcl3/dcl4 or dcl1/dcl2/dcl3/dcl4 mutant contexts, but since sidRNAs 
can be generated from either Pol IV−RDR2 or Pol II−RDR6 dsRNA transcripts, 
these studies suggested that Dicer-independent RdDM pathway functions to 
initiate TE silencing.  
2.3.2 DNA methylation maintenance and dynamics 
In Arabidopsis and tomato, methylation is strongly biased away from the 5’ 
and the 3’ ends of genes, which is the inverse of eukaryotic RNA polymerase II 
density. This suggests a possible link between the patterns of DNA methylation 
and transcriptional elongation. Studies in Arabidopsis suggest that moderately 
transcribed genes are the most likely to be methylated, whereas genes at either 
extreme are least likely, and shorter methylated genes tend to be poorly 
transcribed. Interestingly, by methylcytosine immunoprecipitation (mCIP) 
approach Zhang et al. (2006) found that genes methylated in transcribed 
regions are highly expressed and constitutively active, whereas promoter-
methylated genes show a greater degree of tissue-specific expression. Further 
inspection in met mutants validated that transcripts from genes normally 
methylated within the transcribed region are up-regulated by loss of methylation, 
   Chapter I: Bibliographic review 
53 
 
thus, indicating that DNA methylation interferes with transcription of genes even 
though it is not found at their promoters.  
In eukaryotes, DNA methylation refers to the addition of a methyl group to 
the 5th carbon of cytosine (5mC). In plants, DNA is methylated in CpG, CHG 
and CHH (where H=A, T or C) sites through distinct pathways. In Arabidopsis, 
CG methylation is maintained by METHYLTRAFERASE1 (MET1), a homolog 
of mammalian DNMT (Li et al., 1992). Plant-specific CHROMOMETHYLASE3 
(CMT3) is primarily responsible for CHG methylation, which is coupled with 
H3K9 dimethylation (Cao and Jacobsen, 2002). CHH methylation is established 
de novo by DOMAINS REARRANGED METHYLTRANSFERASE1 and 2 
(DRM1 and DRM2) (Cao et al., 2003) through the RNA-directed DNA 
methylation (RdDM) pathway (Wassenegger et al., 1994), involving 24-nt small 
interfering RNAs (siRNAs) (Law and Jacobsen, 2010; Haag and Pikaard, 2011). 
Recent studies found that CHH methylation could also be established by CMT2 
(Zemach et al., 2013; Stroud et al., 2014), through histone H1 and DECREASE-
IN-DNA-METHYLATION1 (DDM1) activities (Jeddeloh et al., 1999), which is 
independent of the RdDM. The methylome data indicate that CMT2 and RdDM 
pathways preferentially function in heterochromatic and euchromatic regions, 
respectively (Zemach et al., 2013; Stroud et al., 2014). DNA methylation can 
also be actively removed by DNA Glycosylase (DNA-GL), which are also called 
DNA demethylases (Figure 21; Gong et al., 2002; Zhu, 2009; Law and 
Jacobsen, 2010). In Arabidopsis, the methylated cytosines from DNA can be 
recognized and removed by DEMETER, DEMETER-LIKE (DML), and 
REPRESSOR OF SILENCING 1 (ROS1), which can alter the gene expression, 
and thereafter, affecting several developmental processes such as maternal 
imprinting (Choi et al., 2002; Gehring et al., 2009; Zhu, 2009), male 
gametophyte development (Schoft et al., 2011), epidermal cell differentiation 
(Yamamuro et al., 2014) or in response to pathogen attack (Yu et al., 2013).  
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Figure 21. DNA methylation control in plants (reviewed by Gallusci et al., 2016). 
Methyltransferases and DNA demethylases are involved in 5mC de novo methylation, 
maintenance methylation, and demethylation in higher plants. De novo DNA methylation 
is set up by the RNA directed DNA Methylation (RdDM) pathway involving the DRM1/2 
methyltransferases, DRD1 and 24 nt long small RNAs, and by the chromomethylase CMT2 
with DDM1 in the CHH sequence context at heterochromatic regions (Zemach et al., 2013). 
After replication, newly produced DNA will be hemi-methylated at CG and CHG 
symmetrical sites, but at CHH sites one of the two newly synthesized DNA molecules will 
not be methylated. Maintenance methylation in the CG context depends on MET1 and 
VIM1, 2 and 3, and maintenance in the CHG context is catalyzed by CMT3. CHH 
methylation maintenance depends both on the RdDM pathway and on CMT2 activity. Both 
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CMTs are dependent on histone methylation mediated by KYP and SUVH5 and 6. DNA 
demethylation can occur passively in a replication dependant way, when the methylation 
machinery is not or poorly active. 5mC cytosine can be actively removed by DNA 
glycosylase lyase independently from DNA replication. Newly synthesized DNA strands 
are highlighted in gray Enzymes names are based on theArabidopsis model. DRM1/2, 
CMT2/3 (CHROMOMETHYLASE 2/3), MET1 (cytosine-DNA-methyltransferase 1), VIM1–
3 (VARIANT IN METHYLATION 1–3), KYP/SUVH4 [KYP/Su-(var)3–9 homolog 4], 
SUVH5/6 [Su-(var)3–9 homolog 5/6], DRD1 (DEFECTIVE IN RNA-DIRECTED DNA 
METHYLATION), DDM1 (DECREASE IN DNA METHYLATION), and 24 nt siRNA.  
 
In total, eight 5mC methyltransferases (MTases) and four DMLs genes are 
identified in the tomato genome (Teyssier et al., 2008; Cao et al., 2014; Chen 
et al., 2015; Liu et al., 2015a). Microarray data showed that the genes involved 
in maintenance methylation are mainly expressed in early fruit developmental 
stage. These genes include MET1, CMTs, and several SlDRMs. Manning et al. 
(2006) first demonstrated that DNA methylation marks could impact tomato 
ripening as a result of the cloning of the gene at the Colourless non-ripening 
(Cnr) locus. The CNR gene encodes a SQUAMOSA Promoter Binding Protein 
(SBP-box/SPL) transcription factor. The Cnr mutant has a non-ripening 
phenotype where the fruits turn white and then yellow and remain firm 
(Thompson et al., 1999). Further investigation revealed that the promoter region 
of this gene was hypermethylated in a 286-bp contiguous region 2.4 kb 
upstream from the first ATG and this epimark only occurred in lines harboring 
the Cnr mutation (Manning et al., 2006). Cnr was a spontaneous mutation and 
this finding indicates that natural methylation can dramatically affect tomato fruit 
ripening. More recently, Zhong et al. (2013) performed genome-wide DNA 
methylation profile in tomato. They found dynamic changes of 5mC distribution 
during fruit development and ripening, and more than 200 ripening-related 
genes showed a loss of 5mC in their promoters. These included genes 
encoding proteins involved in carotenoid accumulation (PHYTOENE 
SYNTHASE: PSY1; 15-CIS-ZETA-CAROTENE ISOMERASE), ethylene 
synthesis (ACO1, ACS2) and reception (NR, ETR4), fruit softening (PG; 
PECTIN METHYLESTERASE: PMEU1), and transcription factor families 
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[RIPENING INHIBITOR (RIN), NON-RIPENING (NOR), COLORLESS NON-
RIPENING (CNR), and TAGL1]. Thereafter, Liu et al. (2015) demonstrated that 
active DNA demethylation is the mechanism responsible for the loss of 5mC 
during tomato ripening. It was shown that one of the four DNA demethylases, 
SlDML2, was strongly expressed during fruit ripening. Down-regulation of 
SlDML2 by RNAi or VIGS leads to largely delayed fruit ripening, and these 
ripening defects are associated with reduction in transcript levels of essential 
ripening transcription factors and of PSY1. Moreover, compared to WT fruits, 
this reduction was correlated with the hypermethylation of their promoter 
regions. Altogether, these studies emphasize the existence of an important 
epigenetic layer of control for fruit development and ripening in tomato that yet 
deserves further investigation. 
2.3.3 Reader of DNA methylation 
In spite of the intensive study of DNA methylation in plants, the way in which 
the methyl group is interpreted into basic cellular functions has only partially 
been explored. In plants and animals, a set of proteins containing a methyl-
CpG-binding domain (MBD) are capable of specifically recognizing and binding 
methylated DNA (Grafi et al.; Zemach and Grafi, 2007). They are believed to 
function as an interpreter of DNA methylation signals. In mammals, MBD 
proteins MeCP2, MBD1, MBD2 and MBD4 have methyl-CpG-binding activity 
and function in targeting of maintenance DNA methylation machinery, H3K9 
methylation, transcriptional silencing and X chromosome inactivation 
(Bogdanović and Veenstra, 2009). They usually execute their functions by 
binding to other proteins. For example, MeCP2 was demonstrated to interact 
with Sin3 and histone deacetylases to transcriptionally silence methylated 
chromosome, suggesting a direct relationship between histone modification 
and methylated DNA (Jones et al., 1998). In Arabidopsis, 13 genes are 
encoding putative MBD proteins orthologous to their mammalian counterparts 
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(Zemach and Grafi, 2003). Among them, only AtMBD5, AtMBD6 and AtMBD7 
bind methylated CpG nucleotide in vitro. Thus, the majority of the Arabidopsis 
MBD-containing proteins are non-functional MBDs. AtMBD5, AtMBD6 and 
AtMBD7 localize in the nuclei, and assemble at highly methylated 
chromocenters. Different from AtMBD7, AtMBD5 and AtMBD6 mainly localize 
to chromatin regions covered by ribosomal DNA (rDNA) gene clusters (Zemach 
et al., 2008). Snf2 family nucleosome remodeler DDM1 is able to bind AtMBD5 
and AtMBD6 in vitro and facilitate their heterochromatin localization. AtMBD7, 
belonging to a unique class of plant MBD proteins that have three MBD 
domains, was shown to interact with histone acetyltransferase complex, which 
is required for DNA demethylase ROS1 for active DNA demethylation at specific 
loci (Li et al., 2015).  
In tomato, a homolog of AtMBD5, SlMBD5, was identified by yeast two-
hybrid screening using SlDDB1 (UV-damaged DNA binding protein, the mutant 
is also named hp-1) as a bait (Li et al., 2016b). SlMBD5 was shown to target to 
nucleus and dimerizes via its MBD motif. Electrophoresis mobility shift analysis 
suggested that the MBD of SlMBD5 speciﬁcally binds to methylated CpG 
dinucleotides but not to methylated CHG or CHH dinucleotides. SlMBD5 
expressed in protoplast is capable of activating transcription of CG islands, 
whereas CUL4/DDB1 antagonizes this effect. Interestingly, overexpressing 
SlMBD5 resulted in diverse developmental alterations including darker green 
fruits reminiscent to the hp1 or hp2 mutant with increased plastid level and 
elevated pigmentation, as well as enhanced expression of SlGLK2, a key 
regulator of plastid biogenesis. These data indicate the importance of SlMBD5 
during tomato fruit ripening, and also suggest that SlDML2-directed active DNA 
demethylation on those ripening-associated genes probably via a similar 
mechanism like ROS1 in Arabidopsis, as AtMBD7 being required for active 
DNA demethyaltion in Arabidopsis. 
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I.2 Objective of the study 
The transition process from flower to rapidly growing fruit is defined as fruit 
set, which is an indispensable developmental program of sexual reproduction 
in flowering plants. This process depends on the successful completion of 
flower pollination and fertilization. In the last decades, important progress has 
been made to understand how pollination signal can triggers fruit setting. Auxin 
and gibberellins are described as two central hormones controlling this 
developmental transition, since application of both hormones on unpollinated 
ovaries can stimulate seedless (parthenocarpic) fruit growth in diverse species. 
Moreover, several critical regulators have been uncovered in these two signal 
pathways, even though the mechanisms by which auxin and GAs can mimic 
the pollination signal that trigger the flower-to-fruit transition remain largely 
unclear.  
Reverse genetics is the main approach widely used for gene functional study. 
In the last period, an increasing number of studies in tomato and Arabidopsis 
have revealed key regulatory elements involved in fruit set. Indeed, down 
regulation of auxin efflux carrier Sl-PIN4, of Sl-Aux/IAA9 (Sl-IAA9) and of 
AUXIN RESPONSE FACTOR7 (Sl-ARF7) in tomato and At-ARF8 in 
Arabidopsis, or overexpression of auxin synthesis gene iaaM and auxin 
receptor TRANSPORT INHIBITOR RESPONSE 1 (SlTIR1) in tomato, all lead 
to parthenocarpic fruit formation thus revealing the important need for auxin 
homeostasis in fruit set (Rotino et al., 1997; Wang et al., 2005; Goetz et al., 
2007; de Jong et al., 2009b; Ren et al., 2011; Mounet et al., 2012),. Similarly, 
alteringGA synthesis or perception also lead to parthenocarpic fruit in tomato 
as shown by overexpressing citrus CcGA20ox1 and down-regulating DELLA, 
respectively, (Martí et al., 2007; Garcia-Hurtado et al., 2012). Serrani et al. 
reported on the crosstalk between GA and auxin, concluding that  GA acts at 
least partially downstream of auxin during fruit-set (Serrani et al., 2008). These 
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reverse genetics studies mainly focused on a single gene or a gene family, and 
in many cases addressed the impact of the candidate genes at the phenotypic 
and transcriptomic levels. Taking advantage of the tremendous progress made 
in deep sequencing, extensive transcriptomic studies were implemented to 
seek for important genetic regulators underlying the mechanisms of fruit set in 
tomato (Vriezen et al., 2007; Martinelli et al., 2009; Molesini et al., 2009; Wang 
et al., 2009a; Ruiu et al., 2015; Tang et al., 2015). However, transcript profiling 
only provides partial indication for the transcriptional status of individual genes, 
as transcript level is a dynamic balance state involving transcript synthesis, 
splicing and degradation. Several low abundance master transcriptional 
regulators are hard to identify only based on transcriptomic profiling particularly 
when dealing with a limited number of biological replicates. It remains often 
elusive to decipher the network machinery of fruit set among thousands of 
differentially expressed genes detected by large transcriptome approach.  
DNA is packed in chromatin in a form of nucleosomes and this nucleosome 
structure limits the accessibility of transcriptional regulators and RNA 
polymerase complexes to the promoter regions of genes. Therefore, in recent 
years, epigenetic regulation emerged as a major control mechanism driving the 
transcriptomic reprogramming associated with developmental processes. 
Epigenetic modifications include DNA methylation at 5’ cytosine residues and 
post-translational histone modifications (Henderson and Jacobsen, 2007), both 
of which play key roles in controlling plant developmental transitions, circadian 
clock and stress responses (Berr et al., 2011; Malapeira et al., 2012). 
Epigenetic marks have been largely investigated in Drosophila, human, animal, 
plant and fungi. A number of studies have revealed the importance of DNA 
demethylation in genes known to be critical for fruit ripening in tomato, such as 
CNR, RIN and NOR (Manning et al., 2006; Zhong et al., 2013), and SlDML2 
was shown to be able to actively remove methyl-group from these methylated 
ripening-related genes during the ripening process (Liu et al., 2015a), clearly 
revealing the importance of the epigenetic control layer of fruit ripening. 
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Regarding histone modification, different types of histone modifications have 
been reported that define active or repressive chromatin states thus impacting 
the transcriptional activity of the associated genes (Li et al., 2008; Wang et al., 
2009b; Roudier et al., 2011). For example, changes of histone modifications 
have been used to identify central regulatory genes for leaf senescence in 
Arabidopsis (Ay et al., 2009; Brusslan et al., 2015) and for lipid metabolism in 
microalgae (Ngan et al., 2015). Despite the large number of studies in plants, 
none was carried out during the developmental transition of fleshy fruit setting.  
Among the eleven histone marks identified in plants, H3K9ac and 
H3K4me3 are two well-studied histone marks for gene activation. Dynamic 
changes in one or both of these histone marks lying in transcription initiation 
regions of genes have been shown to correlate with changes in transcript level 
during de-etiolation, leaf senescence, circadian clock, UV-B treatment and 
abiotic stress in Arabidopsis, rice or maize (Casati et al., 2008; Charron et al., 
2009; van Dijk et al., 2010; Hu et al., 2012; Malapeira et al., 2012; Zong et al., 
2013; Schenke et al., 2014; Brusslan et al., 2015). Therefore, it has been 
considered that H3K9ac and H3K4me3 have broad roles in plant development. 
H3K27me3 is an ancient epigenetic hallmark associating with gene silencing 
involved in development (Li et al., 2007). Down-regulation of the core enzyme 
(SlEZ2) controlling H3K27me3 modification in tomato, strongly affect the 
reproductive development including fruit set efficiency (Boureau et al., 2016), 
suggesting that H3K27me3 may also be involved in the regulation of early fruit 
developmental. To sum up, epigenetic modification plays wide roles in tomato, 
however, characterization of these epigenetic marks in tomato is still lacking, in 
particular, the relationship between epigenetic modification and gene 
expression remain poorly understood. Moreover, while changes in histone 
marks and DNA methylation are the main operating modes of epigenetic 
regulation, reports on their respective contribution to major developmental 
shifts are scarce. 
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The thesis research project built on the working hypothesis that epigenetic 
modification and transcriptome changes associated with fruit the flower-to-fruit 
transition induced either by natural pollination or hormone treatment in tomato 
may provide a sensitive output towards identifying key regulators of fruit setting. 
The first part of the thesis is dedicated to the genome-wide mapping of three 
histone marks (i.e. H3K9ac, H3K4me3 and H3K27me3) and Cytosine 
methylation in tomato flower ovary and young developing fruit. The study aims 
to to investigate the correlation between histone modification, DNA methylation 
and gene expression, and also to compare the respective contributions of these 
two epigenetic modifications to the flower-to-fruit transition, by combing RNA-
seq, ChIP-seq and BS-seq approaches. The second part of the thesis project 
is to address whether pollination-induced and hormone induced fruit setting 
share the same mechanism and use the same gene regulatory networks. The 
work also seeks to uncover whether epigenetic regulation is similarly involved 
in triggering fruit setting by both natural pollination and exogenous auxin 
treatment. Overall, the work addresses the epigenetic regulation of fruit set by 
integrating large datasets including RNA-seq, ChIP-seq and BS-seq. Within this 
context, the thesis study focus on the following main questions: 
- Which genes are differentially expressed during fruit set? What is the 
underlying regulation network?  
- Do histone modifications contribute to the trancriptomic reprogramming 
underlying fruit set and what are the features of the genes associated 
with histone modifications in tomato? 
- Do cytosine methylation also contribute to the transcriptomic changes 
during fruit set? 
- What are the respective contributions of histone marking and DNA 
methylation to the developmental shifts from flower to fruit?  
- What is shared and what is different between pollination-triggered and 
auxin-induced fruit setting? 
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The outcome of the work is expected to expand the current view of the 
genetic reprogramming underlying fruit setting and to uncover the importance 
of epigenetic regulation in driving this developmental transition.  
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Chapter II Results and Discussion 
Histone marks repositioning is the main driver of the 
transcriptomic reprogramming underlying the ovary to fruit 
transition in tomato 
(Manuscript submitted) 
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Abstract  
The flower-to-fruit transition, so-called fruit setting, is a remarkable 
developmental shift essential for plant reproductive success, seed formation 
and crop yield. Because histone marking and DNA methylation are the main 
epigenetic modes controlling genetic reprogramming, the contribution of these 
two types of epigenetic regulation to fruit setting is addressed in tomato by 
genome-wide transcriptomic profiling, ChIP-sequencing and DNA bisulfite 
sequencing approaches. The study reveals that change in histone marks rather 
than in DNA methylation is the main driver of the transcriptomic reprogramming 
underlying fruit initiation and highlights the tight correlation between histone 
repositioning and gene expression changes. H3K9ac and H3K4me3 marking 
are the main players in this control mechanism and these active marks are 
shown to synergistically promote gene transcription, whereas H3K27me3 
marking has a repressive effect. Moreover, genetic reprogramming is 
associated with changes in histone marks rather than in DNA methylation with 
H3K9ac and H3K4me3 marks being the primary players in this control 
mechanism. Consistently, the expression level of fruit set-associated genes 
such as those related to hormone metabolism, cell division, and embryo 
development highly correlated with their H3K9ac or H3K4me3 marking status, 
but not with DNA methylation. The data provide new insight into the control of 
gene reprogramming and uncover a set of epigenetic modifier genes which may 
offer novel targets for breeding programs aiming to improve fruit setting, a major 
process impacting crop yield.  
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Introduction 
Fruit are the main source of vitamins and micronutrients in the human diet, 
and maintaining yield stability and fruit quality is becoming a major challenge in 
the face of the forecasted global climate warming and fast growing world 
population. A better understanding of the mechanisms underlying fruit 
development is anticipated to uncover new targets for innovative breeding 
strategies aiming to obtain improved crops that meet these challenges. Fleshy 
fruit development is a genetically programmed process comprising a series of 
developmental shifts coordinated by a complex network of signaling pathways 
that trigger dramatic physiological, metabolic and structural changes (Pandolfini 
et al., 2007). Fruit initiation, the so-called fruit setting, is defined as a transition 
process from a static ovary to a rapidly growing fruit, and this process normally 
depends on the successful completion of pollination and fertilization, after which, 
cell division is highly activated in the pericarp and placental tissues, and 
embryonic development is initiated. Thereafter, the cells in the placenta, locular 
tissue and mesocarp tissue enter the expansion phase to ensure fruit growth. 
So far, the molecular nature of the signaling networks that trigger the series of 
subordinated programs for fruit set is poorly understood. Auxin and gibberellin 
(GA) are two central hormones involved in the flower-to-fruit transition, and 
application of both hormones to unpollinated ovaries can stimulate seedless 
(parthenocarpic) fruit growth in several species (Gustafson, 1936; Bünger-
Kibler and Bangerth, 1982; Serrani et al., 2008; de Jong et al., 2009a). Several 
studies in tomato and Arabidopsis have revealed key regulatory elements for 
fruit set. With regard to the auxin signaling pathway, down regulation of auxin 
efflux carrier SlPIN4, AUXIN/INDOLE3-ACETIC ACID 9 (SlIAA9) and AUXIN 
RESPONSE FACTOR7 (SlARF7) in tomato and AtARF8 in Arabidopsis, or 
overexpression of auxin synthesis genes iaaM from Agrobacterium spp., and 
TRANSPORT INHIBITOR RESPONSE 1 (SlTIR1) in tomato, all lead to 
parthenocarpic fruit formation (Rotino et al., 1997; Wang et al., 2005; Goetz et 
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al., 2007; de Jong et al., 2009b; Ren et al., 2011; Mounet et al., 2012), revealing 
the critical importance of auxin action in fruit set. Similarly, by affecting GA 
synthesis and perception, overexpression of citrus CcGA20ox1 or down 
regulation of DELLA in tomato also lead to parthenocarpic fruit formation, 
suggesting a common regulatory pathway involved in natural pollination, auxin 
and GA treatment (Martí et al., 2007; Garcia-Hurtado et al., 2012). More 
recently, extensive transcriptomic profiling has provided further insight into the 
genetic regulators underlying fruit set in tomato (Vriezen et al., 2007; Molesini 
et al., 2009; Wang et al., 2009a; Ruiu et al., 2015; Tang et al., 2015). While 
genome-wide expression profiling revealed the extent of genetic 
reprogramming associated with fruit setting, the main drivers of the 
transcriptomic reprogramming underlying this developmental transition remain 
unknown.  
Epigenetics is emerging as a major mechanism regulating gene expression 
during developmental transitions in living organisms (Pu and Sung, 2015). In 
particular, histone modification is a major guide to the coordinated 
transcriptomic reprogramming associated with developmental shifts, circadian 
clock and plant responses to stress (Berr et al., 2011; Malapeira et al., 2012). 
Histone marking and DNA methylation at 5’ cytosine residues are the main 
operating modes for epigenetic regulation (Henderson and Jacobsen, 2007). 
Several studies have revealed the role of this epigenetic layer of control in fruit 
development and ripening and a growing body of evidence supports the idea 
that DNA demethylation is critical for the process of fruit ripening in tomato 
through de-repression of key regulator genes such as CNR, RIN and NOR et 
al (Manning et al., 2006; Zhong et al., 2013). In keeping with this, SlDML2 has 
been reported to actively remove methyl-groups from methylated DNA during 
fruit ripening (Liu et al., 2015a). On the other hand, different types of histone 
modifications determine the active or repressive state of chromatin in terms of 
transcriptional activity of the associated genes (Li et al., 2008; Wang et al., 
2009b; Roudier et al., 2011). For instance, histone modifications have been 
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used to identify central regulatory genes for leaf senescence in Arabidopsis (Ay 
et al., 2009; Brusslan et al., 2015) and for lipid metabolism in microalgae (Ngan 
et al., 2015). According to the general paradigm, histone acetylation is 
associated with gene activation, whereas histone methylation can be 
associated either with gene activation or gene repression depending on which 
lysine residue is methylated and how many methyl groups are added. Despite 
the increasing number of studies addressing in recent years the importance of 
histone modifications in plants, none has been dedicated to its potential 
involvement in fruit setting and subsequent fruit development. So far, 11 histone 
marks have been identified in plants by chromatin immunoprecipitation and 
subsequent microarray analysis (ChIP-chip) or deep sequencing (ChIP-seq) 
(Zhang et al., 2009; Roudier et al., 2011; Sequeira-Mendes et al., 2014). In this 
regard, H3K9ac and H3K4me3 are two well-studied histone marks associated 
with gene activation and the dynamic changes of these marks at the 
transcription initiation sites of genes have been shown to correlate with changes 
in transcript levels during de-etiolation, leaf senescence, circadian clock, UV-B 
treatment and abiotic stress in Arabidopsis, rice or maize (Casati et al., 2008; 
Charron et al., 2009; van Dijk et al., 2010; Hu et al., 2012; Malapeira et al., 2012; 
Zong et al., 2013; Schenke et al., 2014; Brusslan et al., 2015). This indicates 
the broad roles of H3K9ac and H3K4me3 active marks in plant development. 
On the other hand, H3K27me3 histone marks are associated with 
transcriptionally silenced genes involved in development (Li et al., 2007). 
Enhancer of zeste [E(Z)] is an evolutionally conserved component required for 
methylation of H3K27 in diverse organisms (Schwartz and Pirrotta, 2007). 
Silencing of its orthologous CLF in Arabidopsis affects leaf morphogenesis, 
disrupts the expression of floral organ genes (APETALA3 and AGAMOUS) and 
regulates cell fate determination in reproductive development (Kim et al., 1998; 
Chanvivattana et al., 2004; Saleh et al., 2007). Furthermore, E(z) in tomato 
(SlEZ2) is highly expressed from the open flower stage to the early phase of 
fruit development and knock-down of SlEZ2 can also significantly affect the 
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reproductive development such as flower morphogenesis and fruit set efficiency 
(Boureau et al., 2016). In addition, repression of FIE, another component 
involved in H3K27 tri-methylation in tomato, leads to a stronger effect than 
SlEZ2 RNAi and results in parthenocarpic fruit formation (Liu et al., 2012). 
However, although genome-wide studies uncovered, so far, a large number of 
targets for H3K9ac, H3K4me3 and H3K27me3 in various biological processes 
in Arabidopsis, rice and maize, none of the targets have been identified in fleshy 
fruit.  
To date, investigations of the correlation between histone modifications and 
gene transcription has been restricted to a limited number of plant species, 
namely Arabidopsis (Zhang et al., 2007a; Zhang et al., 2009; Zhou et al., 2010), 
maize (Wang et al., 2009b), rice (Li et al., 2008), moss (Widiez et al., 2014) and 
a marine diatom (Veluchamy et al., 2015). However, these information are still 
lacking for crop species of prime economic importance like tomato, a common 
model system for fleshy fruit development. The flower-to-fruit transition 
represents a major developmental shift particularly suited to investigate the role 
of epigenetic variation in fruit setting and to address the comparative 
contribution of DNA methylation and histone marks to the global changes in 
gene expression at the transcript level. Our study expands the current view of 
the epigenetic regulation underlying transcriptional reprogramming in tomato, 
and provides new insight into the mechanisms controlling a biological process 
that has a decisive impact on crop yield and quality.  
Results 
Genome-wide transcriptomic profiling of the flower-to-fruit transition 
Fruit-set is naturally triggered upon flower pollination and fertilization and this 
developmental transition results in dramatic physiological and structural 
changes involving hormone regulation, cell division, cell proliferation and tissue 
differentiation. To gain more insight into the main mechanisms driving the 
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transcriptomic reprogramming associated with fruit setting, a genome-wide 
expression profiling of the flower-to-fruit transition was implemented by RNA 
deep sequencing. Flower ovary at the anthesis stage (0 Day Post Anthesis, 
DPA) and young developing fruit (4 DPA) samples were collected for RNA 
extraction and RNA-seq was performed using pair-end Illumina sequencing 
technology (Figure 1A). Deep sequencing generated 24 to 55 million reads, 
depending on the sample, with 77% of the reads being uniquely mapped to the 
S. lycopersicum genome (ITAG2.3; Supplemental Data Set 1). The distance 
dendrogram indicates that replicates from each stage are well clustered 
together, and that the 4DPA samples show a high degree of similarity while 
being clearly distinct from 0DPA (Figure 1B). Gene expression values are 
provided as mean normalized counts per kilobase of transcript. Transcripts 
corresponding to a total of 28,335 genes were detected (representing 82% of 
the 34,727 tomato genes) in at least one sample of which 21,353 (61%) were 
expressed in all samples. Interestingly, increasing the number of replicate 
samples from three (Pattison et al., 2015) to eight allowed capturing of 6,289 
additional genes that are expressed during the fruit set process. The depth and 
quality of the reads ensured high reliability of the data, thereby, allowing high-
confidence analysis of differentially expressed genes as illustrated by the good 
clustering of replicates corresponding to the same developmental stage (Figure 
1B). Overall, 26,097 genes (75.1% of total tomato genes) are commonly 
expressed in the two ovary stages with 27,278 (78.5% of total tomato genes) 
being expressed in 0 DPA samples and 27,154 (78.2% of total tomato genes) 
expressed at 4 DPA. Only 1,181 genes (3.4%) are specifically expressed at 0 
DPA and 1,057 (3.0%) only expressed at 4 DPA.   
Differentially expressed genes were identified using DESeq2 for raw counts 
normalization (See “Materials and Methods”). Among the 9,411 genes assigned 
as differentially expressed (DE) (fold change >=2 and a p-value <0.01), about 
half were up-regulated upon pollination (Figure 1C and Supplemental Data Set 
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Figure 1. Genome-wide transcriptomic 
profiling of fruit-setting. (A) Fruit initiation 
program in tomato (cv. MicroTom). Unpollinated 
ovaries at 0 days post-anthesis (0 DPA,) and 
young developing fruits at 4 DPA were sampled for 
RNA-seq, ChIP-seq and Bisulfite sequencing. 
Scale bars = 1 cm. (B) Cluster dendrogram of 
gene counts in 16 RNA-sequencing samples. 
Distance matrix of gene counts from all RNA-seq 
libraries were implemented by DEseq2. 
Dendrograms were generated by hierarchically 
clustering samples based on distance values 
(0~132). The darker blue indicates a closer 
distance. (C) The number of differentially 
expressed genes during fruit set. Fold change>2 
and p-value<0.01. (D,E) Differential expression of 
epigenetic-related genes. In each functional 
category (D, histone methyltransferase; D, DNA 
methyltransferase), X-axis refers to the gene 
name annotated either according to reported 
references or after the best ortholog in 
Arabidopsis. Genes with significant differential 
expression (>2 fold) were marked by asterisk (* 
0.05<p-value<0.01, ** 0.01<p-value<0.01 and *** 
p-value<0.001). 
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2). Gene ontology (GO) analysis indicated that 128 of the 152 enriched 
biological processes correspond to up-regulated genes, including those related 
to cell proliferation, cell division, photosynthesis and hormone regulation 
(Supplemental Data Set 3). The increase in transcript levels of Cyclin, CDK and 
other important regulators of the cell cycle is consistent with the active cell 
division induced upon flower fertilization (Supplemental Data Set 4). 
A number of epigenetic regulation genes are differentially expressed 
during fruit set 
A striking feature of the transcriptomic reprogramming revealed by the 
present study relates to the large number of DE genes belonging to the 
epigenetic category. These include “histone H3-K9 methylation”, “DNA-
methylation”, “histone phosphorylation”, “histone lysine methylation”, 
“methylation-dependent chromatin silencing”, “chromatin silencing by small 
RNA”, suggesting an active role for epigenetic modification in driving this 
developmental shift (Supplemental Data Set 3). Nevertheless, the extent to 
which epigenetic regulation contributes to the genetic reprogramming 
underlying fruit initiation remains poorly understood. This prompted an in depth 
investigation of the expression pattern of individual genes potentially involved 
in histone modification, DNA methylation, and polycomb-group proteins 
involved in chromatin formation and remodeling. We first sought to capture all 
epigenetic-related genes present in the tomato genome by performing genome-
wide blast searches to identify new genes in this category based on 
phylogenetic relationship with those described in the model plant Arabidopsis. 
In this way, the total number of tomato genes putatively involved in epigenetic 
processes has been extended from 111 to 213, of which 116 belong to the 
histone modification category, 40 to DNA methylation, 36 to chromatin 
remodeling and 21 to polycomb-group (Figure 1D, 1E and Supplemental Figure 
1). Among the differentially expressed genes, 21 are related to histone
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Supplemental Figure 1. Differential expression of different categories of epigenetic-related genes during fruit-set. Log2-transformed expression 
values were plotted for all related genes. Each gene family or biological process was categorized in a separate graph. X-axis refers to the gene name 
annotated either according to reported references or after the best ortholog in Arabidopsis. Genes with significant differential expression (>2 fold) were 
marked by asterisk (* p-0.05<p-value<0.01, ** 0.01<p-value <0.01 and *** p-value<0.001).
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modification, 12 to DNA methylation, 8 to chromatin remodeling and 2 to 
polycomb complexes (Figure 1D, 1E and Supplemental Figure 1). Within the 
histone modification group, most of the DE genes correspond to histone 
methyltransferases (14 genes) of which 13 were significantly up regulated at 
4DPA. With regard to DNA methylation, two SlCMT3L genes, putative orthologs 
of Arabdopsis AtCMT3 involved in CHG context DNA methylation, displayed 
increased transcript levels at 4 DPA. SlMET1, a putative ortholog of Arabidopsis 
AtMET1 involved in CpG DNA methylation maintenance, was also highly 
expressed at 4 DPA fruit. Chromatin formation and remodeling genes, including 
polycomb-associated proteins, also undergo up-regulation at 4 DPA. Altogether, 
the activation of histone modification and DNA methylation mechanisms 
suggest the importance of epigenetic regulation in the transcriptomic 
reprogramming associated with fruit-setting.  
Distribution of H3K9ac, H3K4me3 and H3K27me3 histone marks among 
tomato genes  
Chromatin Immuno-Precipitation assays coupled to deep sequencing (ChIP-
seq) were implemented to investigate the genome-wide distribution of three 
post-translational modifications of histone H3, including acetylation of lysine 9 
residues (H3K9ac) and trimethylation of lysine 4 (H3K4me3) and lysine 27 
(H3K27me3), given the high representation of these histone modifiers within 
DE genes. The number of sequencing reads corresponding to immuno-
precipitated chromatin and control input samples (Supplemental Data Set 1) 
ranged from 48 to 80 million, and on average 95% of the reads mapped to the 
S. lycopersicum reference genome. The presence/absence of the three marks 
was validated for 9 selected regions (genes) by targeted Real-time PCR using 
independent 0 DPA and 4 DPA samples, yielding results fully consistent with 
the ChIP-seq data (Supplemental Figure 2). The reproducibility of the peaks 
detected by the genome-wide approach in replicate samples and their  
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Supplemental Figure 2. ChIP-qPCR validation of ChIP-seq data. ChIP experiments were performed with Mock (no antibody), IgG, or with H3K9ac, 
H3K4me3 and H3K27me3 antibodies. (A) Real-time PCR validation of H3K9ac ChIP-seq results for 9 selected genes in an independent samples. The 
enrichments refer to percentage of input. Two stages were shown with light green (0 DPA) and dark green (4 DPA). Primers used in this study are 
provided in Supplementary Table 10. (B) H3K4me3 ChIP-seq results for 9 selected genes. (C) H3K27me3 ChIP-seq results for 9 selected genes. (D) 
Correlation between ChIP-seq and ChIP-qPCR result for three histone marks. 
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validation by targeted PCR, support the consistency of the ChIP-seq 
experiments and warrants a high degree of confidence in subsequent analyses.  
The total number of histone mark regions (Figure 2A and Supplemental Data 
Set 5) revealed by ChIP-seq is higher for H3K9ac (21,147 to 25,936) and 
H3K4me3 (20,046 to 21,062) than for H3K27me3 (13,072 to 14,308) and these 
histone mark-associated regions cover 36 to 56 Mb of the tomato genome 
sequence (Table 1). The breadth of the covered regions (Figure 2B) was higher 
for H3K27me3 (median length ranging from 2,500 to 2,900 bp) than for 
H3K4me3 (1,653 to 1,722 bp) and H3K9ac (1,748 to 1,763 bp). The three 
marks were mainly associated with gene-rich euchromatin regions, even 
though H3K27me3 displayed higher association with heterochromatin 
(Supplemental Figure 3). More than 82% of the regions associated with H3K9ac 
and H3K4me3 mapped to genes, while only 42% of H3K27me3 were located 
in genic regions (Figure 2C). Moreover, inspection of individual mark-
associated regions revealed that most peaks (>74% of H3K9ac, >89% of 
H3K4me3, and >88% of H3K27me3) were limited to single genes 
(Supplemental Figure 4), with only a minor proportion encompassing two genes. 
In 0 DPA tissues, 53% of the annotated tomato genes were associated with 
H3K9ac, 54% with H3K4me3 and 19% with H3K27me3, and these proportions 
only slightly increased at 4 DPA stage (60%, 56% and 19%, respectively). 
 
Table 1. Size of the associated region for each histone mark and percent of the 
tomato genome covered by these marks. 
Stage Mark Size (bp) percentage of 
genome 
0DPA 
H3K9ac 44,095,124 5.28% 
H3K4me3 36,451,471 4.36% 
H3K27me3 54,000,541 6.46% 
4DPA 
H3K9ac 55,976,284 6.70% 
H3K4me3 39,698,620 4.75% 
H3K27me3 52,805,348 6.32% 
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Figure 2. Identification of histone modified regions during fruit-set. (A) Number of 
identified regions for H3K9ac, H3K4me3 and H3K27me3. (B) Length distribution of the 
peak regions. The outliers are dotted with black color. The histone marks are displayed in 
yellow (H3K9ac), red (H3K4me3) and blue (H3K27me3). (C) Frequencies of peaks 
associated with genic and intergenic regions. A region spanning 1.5kb upstream of the 
annotated transcription start site (TSS) to 0.5kb downstream of transcription end site (TES) 
was designated as genic region. The regions between gene territories were designated as 
the intergenic regions. (D) Snapshot of histone marks association profiles corresponding 
to chromosome 2 of the tomato genome (SL2.40ch02:30,363,079-34,211,689). Blue arrow 
indicates the gene transcription direction. (E) Average association profile of input (grey), 
H3K9ac (yellow), H3K4me3 (red) and H3K27me3 (blue) in genic regions at 0 DPA and 4 
DPA. The gene set is adapted from publicly available RNA end-sequencing data which 
defines the TSS and TES. Mean counts within 100bp window shifting from 2.5kb upstream 
to 2.5kb downstream of TSS and, 2,5kb upstream to 2,5kb downstream of TES were 
extracted and plotted. (F) Global view of gene expression and histone mark association at 
0 DPA. 23,852 genes were filtered by association either with H3K9ac, H3K4me3 or 
H3K27me3. The expression levels were used as anchors to sort genes. The occupancy of 
histone marks in the gene region spanning from 2kb upstream to 2kb downstream of CDS 
was represented and visualized by DeepTools.  
 
Supplemental Figure 3. Genomic distribution of H3K9ac, H3K4me3 and H3K27me3 
in the 12 tomato chromosomes. Peak regions associated with each histone mark were 
located in the tomato genome (ITAG2.3). Pink shaded region represents euchromatin, 
green shaded region represents heterochromatin region, and blue bars represent 
centromeres. 
 
 
   Chapter II: Results and Discussion (Part I) 
79 
 
 
 
 
Supplemental Figure 4. Proportion 
(percent) of peak regions overlapping 
genes. Y-axis: percentage of peak regions 
covering a given number of genes. 
 
 
 
 
 
 
To investigate the association pattern of the three histone marks at the gene 
level, the average read count corresponding to each mark was examined using 
a set of genes whose annotation has been refined by RNA end-sequencing 
(Zhong et al., 2013). H3K9ac and H3K4me3 showed a similar high enrichment 
in a narrow region downstream of the Transcription Start Sites (TSS), with, 
however, H3K4me3 peaks being higher than those corresponding to H3K9ac 
(Figure 2E and 2F). By contrast, H3K27me3 marks showed lower intensity and 
were located all over the gene bodies as well as upstream of TSS and 
downstream of Transcription End Site (TES) regions (Figure 2D and 2E).  
H3K9ac and H3K4me3 marks positively correlate with actively transcribed 
genes, and H3K27me3 is associated with repressed genes  
To assess the correlation between histone marks and the expression level 
of individual genes, we profiled the association intensity in genic regions using 
all genes that are associated with at least one of the three histone marks 
(23,852 genes in total). This revealed that H3K9ac and H3K4me3 marks co-
occur in 95 % of the cases and are associated with the same set of genes 
(Figure 2F and Figure 3A). A genome-wide view of gene expression levels and 
histone mark distribution revealed a relatively high enrichment of these two 
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marks in the 5’-end of genes which strongly correlates with high levels of gene 
expression. To further explore the correlation between gene expression and 
histone marks, tomato genes for which a precise annotation of TSS and TES is 
available, were divided into 11 groups based on their transcript levels ranging 
from no expression (scored 0) to high expression (scored 100%), and their 
average association profile was established (Supplemental Figure 5A). We 
found that association of H3K9ac and H3K4me3 at position +1 to position 
+1000 with regard to the TSS positively correlates with transcript abundance, 
while no such a correlation was found for TES flanking regions. By contrast, 
H3K27me3 marks occur in low or non-expressed genes and are distributed 
throughout gene bodies (Figure 2F and Supplemental Figure 5A). In addition, 
H3K27me3 marks located 1kb upstream of TSS and 1kb downstream of TES 
also correlate with low gene expression. These data indicate that H3K9ac and 
H3K4me3 marks are mainly located nearby to the TSS and promote gene 
transcription while H3K27me3 marks are distributed along the gene bodies and 
negatively impact transcription.  
 
Supplemental Figure 5. Correlation between histone modifications and gene 
expression. (A) Mean counts of H3K9ac, H3K4me3 and H3K27me3 within 2.5kb 
upstream and downstream of TSS or TES per different quintiles of gene expression level. 
To evaluate the correlation between gene expression level and each histone mark 
association, the same set of genes used for profiling the average histone mark association 
are divided into 11 groups based on the mean transcript level in 0 DPA and 4 DPA samples. 
Quintiles are represented by different colors, from 0 (black) to top 100% quintile (red). (B) 
   Chapter II: Results and Discussion (Part I) 
81 
 
Co-occurrence of gene expression and histone mark association in 0 DPA tissues. The 
percentage indicates the occurrence of Y present in X. 
H3K9ac and H3K4me3 have an additive effect on gene expression 
The overwhelming majority (95%) of H3K9ac-marked genes are also 
associated with H3K4me3 marks (Supplemental Figure 5B), while only 11% co-
occur with H3K27me3. To investigate whether different combinations of histone 
marks diversely affect gene transcription, we examined the average transcript 
level and expression variability of mono, dual and triple combinations of the 
three histone marks. In 0 DPA samples, 18,536 genes are associated with 
H3K9ac, 18,731 with H3K4me3 and 6,517 with H3K27me3 (Figure 3A). The 
vast majority of H3K9ac (85.4%) and H3K4me3 (84.5%) marks co-occur in the 
same genes, whereas most H3K27me3 marking (63.2%) are not associated 
with either of the two other histone marks. This indicates that in most cases 
H3K4me3 and H3K9ac are exclusive of H3K27me3 and that genes associated 
either with H3K9ac or H3K4me3 only show moderate transcript levels, while 
association with the two marks has statistically validated additive effect on the 
gene transcript levels (Figure 3B, 3E and Supplemental Figure 6). On the other 
hand, genes solely associated with H3K27me3 showed the lowest expression 
level, and when the three marks co-occur, the average expression level was 
significantly reduced compared to the co-association of H3K9ac and H3K4me3 
(Supplemental Figure 6), suggesting that the presence of H3K27me3 tends to 
moderate the promoting effect of the two active marks. The data suggest that 
H3K9ac and H3K4me3 synergistically promote gene transcription, whereas 
H3K27me3 has a repressive effect when present alone and a moderating effect 
when co-occurring with the two positive marks. To assess the impact of distinct 
histone mark combinations on gene expression variability, we used the 
TomExpress platform which provides normalized expression values for all 
tomato genes in 124 tomato tissues and conditions. 
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Figure 3. Combinational analysis of H3K9ac, H3K4me3 and H3K27me3 associations in 0 DPA and 4 DPA tissues. (A) Venn diagram of genes 
associated with the three histone marks at 0 DPA. The intersected gene numbers were labeled in each overlapped territory. (B) Average expression 
level of genes associated with mono, dual or triple histone marks at 0 DPA. (C) Average coefficient of variation of genes associated with mono, dual or 
triple histone marks. Coefficient variance of 34,727 tomato genes was calculated from normalized gene expression data across 124 different tomato 
tissues and conditions in TomExpress platform (http://gbf.toulouse.inra.fr/tomexpress/www/welcomeTomExpress.php). (D) Venn diagram of genes 
associated with the three histone marks at 4 DPA. (E) Average expression level of genes associated with mono, dual or triple histone marks at 4 DPA. 
(F) Average coefficient of variation of genes associated with mono, dual or triple histone marks at 4 DPA. 
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Supplemental Figure 6. The p-value of student t-test for pairwise comparison of gene 
expression in different histone mark combination groups at 0 DPA and 4 DPA. The 
gene groups were adapted from Figure 3. The two-tailed student t-test were performed at 
both 0 DPA (A) and 4 DPA (B) to obtain the p values. * p-value<0.01, ** p-value<0.001.  
 
The mean co-efficient of variability calculated for each combination revealed 
reverse correlation between expression variability and expression level (Figure 
3C and 3F). For instance, genes associated with both H3K9ac and H3K4me3 
marks showed the highest expression level along with the lowest expression 
variability (Figure 3B, 3C, 3E and 3F) whereas genes associated only with 
H3K27me3 showed the lowest expression level and the highest variability. 
Moreover, intersecting the histone marking with the tissue-specific 
transcriptomic data (Pattison et al., 2015) revealed that combination of H3K9ac 
and H3K4me3 matches high gene expression that is ubiquitous to various 
tissues of the ovary (ovules, placenta, septum and pericarp ) and the young 
developing fruit (embryo, endosperm, seed coat, funiculus, placenta, septum 
and pericarp). By contrast, H3K27me3 is associated with genes displaying no 
expression or variable expression in different tissues of the ovary (see ABC in 
Figure 4A and 4B). Interestingly, genes associated with the three marks 
exhibited more variable expression among tissue types of young developing 
fruit than in ovary before pollination (Figure 4B). Altogether, the data suggest 
that H3K9ac and H3K4me3 are dominant active marks, whereas H3K27me3 is 
a repressive mark that moderates transcription when associated with the two 
other marks. 
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Figure 4. Combinational analysis of H3K9ac, H3K4me3 and H3K27me3 associations and tissue-specific gene expression. Global view of gene 
expression combined with histone mark associations at 0 DPA (A) and 4 DPA (B). Expression data was log2-transformed RPM values obtained from 
publicly available tissue-specific transcriptomic data (Pattison et al. 2015). In total, 4 tissue-specific datasets (S. pimpinellifolium) at 0 DPA including 
ovules, placenta, septum and pericarp, and 7 tissue-specific datasets at 4 DPA including embryo, endosperm, seed coat, funiculus, placenta and pericarp 
were used for visualization. Zoom-in views of expression patterns for genes associated with the three histone marks (i.e. ABC group) are displayed at 
the most right of each graph. 
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Change in histone marks underlying the flower-to-fruit transition  
The ChIP-seq revealed a net enrichment for the three histone marks in 4 DPA 
compared to 0 DPA samples (Figure 2A), consistent with the decreased 
expression of histone deacetylase and the up-regulation of histone 
methyltransferase genes during fruit setting (Supplemental Figure 1). Genome-
wide profiling of the dynamic changes of the three histone marks revealed that 
13,451 differentially associated (DA) genes corresponded to H3K9ac, 11,333 
to H3K4me3 and 3,973 to H3K27me3 (Figure 5A). Among these DA genes, 71% 
displayed differential expression, including 10,367 genes for H3K9ac, 9,121 for 
H3K4me3 and 1,880 for H3K27me3. Assessing the expression level for genes 
showing significant change in histone marks (DA fold >=2 and p-value <0.01) 
indicated that higher association with H3K9ac or H3K4me3 marks correlates 
with enhanced gene expression while a decrease in these marks is associated 
with reduced expression level (Figure 5B). Profiling the change in mark 
association and in gene expression between 0 DPA and 4 DPA at the gene level 
confirmed that enhanced association with H3K9ac and H3K4me3 marks 
positively correlated with increased expression levels (Figure 5C) as indicated 
by the high correlation coefficient (ρ value 0.6 and 0.7 for H3K9ac and 
H3K4me3, respectively; Figure 5D). By contrast, no such a correlation was 
found between changes in H3K27me3 marks and transcript levels. The data 
strongly suggest that H3K9ac and H3K4me3 marks are the dominant histone 
marks highly associated with the transcriptomic changes underlying fruit setting 
since higher association with these two marks corresponds to enhanced gene 
expression and, conversely, a decrease in these marks corresponds to lower 
expression level (Figure 5C). Noteworthy, changes in H3K27me3 marks seem 
to have no or little impact (ρ value 0.03) on gene expression during the flower-
to-fruit transition (Figure 5B, 5C and 5D). Plotting the association and the 
expression changes showed a strong correlation between H3K9ac and 
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H3K4me3 marks and DE genes while no such a correlation was observed in 
the case of H3K27me3 histone marks (Figure 5D). In supporting this conclusion, 
a linear regression between log2DE and log2DA, revealed that ~50% gain of 
H3K9ac or H3K4me3 histone marks are associated with 2 fold increase in gene 
expression (Figure 5D).  
 
Figure 6. Correlation between GO terms enriched in the RNA-seq and ChIP-Seq 
datasets. Plots showing the correlation between significant GO terms identified in RNA-
seq and ChIP-Seq experiments (H3K9ac or H3K4me3 active marks considered only). BH-
adjusted p-value<0.05 was used to filter the significantly enriched biological processes. 
Dash lines indicate the boundary of p-value=0.05. The enriched GO terms were dotted with 
different colors (blue for RNA-seq, green for ChIP-seq and red for both RNA-seq and ChIP-
seq). Selected GO terms were labeled and annotated aside the graph (the full list is 
provided in Supplemental Data Set 6). 
Gain or loss of histone marks correlates with changes in the expression 
of important fruit setting-related genes  
A number of important biological processes activated during the fruit set 
process are associated with concomitant changes in both histone marks and 
gene expression (Figure 6 and Supplemental Data Set 6). Of particular interest, 
genes related to auxin and gibberellin, two hormones known to be critical for 
fruit initiation, were differentially associated with histone marks and also 
differentially expressed at the transcript level (Figure 7A and Supplemental 
Figure 7A). Out of 112 auxin-related genes identified in the tomato genome, 4
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Figure 5. Correlation between differentially associated marks (DA) and 
differentially expressed genes (DE). (A) Percentage of DA regions overlapping 
genes. The number of DA (light color bar) and DE (darkcolor bar) genes (p-
value<0.01) were indicated above the bars. (B) Average expression level of 
significant DA genes at fold change >=2 and p-value<0.01. The number of DA 
genes is indicated at the top of each panel. (C) Density profile of histone marks 
(DA fold change>2 and p-value<0.01) and gene expression change at the gene 
level from 0 DPA to 4 DPA tissues. H3K9ac (left panel), H3K4me3 (middle panel) 
and H3K27me3 (right panel). (D) Correlation between DE and DA during fruit set. 
X-axis represents log2-transformed DA fold and y-axis represents log2-transformed expression change. Scale of y-axis ranges from -5 to 5, and the 
outliers are marked with dark grey dots positioned at top and bottom of panel margins. Low to high density of gene dots were marked by shifting from 
blue to red. The corresponding gene numbers in each case were noted at bottom-right of the graph. For H3K27me3 associated genes, only the genes 
showing solely H3K27me3 association change were selected for evaluating the correlation between DA-H3K27me3 and DE. The Pearson’s correlation 
coefficient (ρ), p-value, the linear regression coefficient (β) and the regression fitness (r2) were indicated below the plots.
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Figure 7. Differential expression and differential histone mark associations of auxin-related genes during fruit-set. (A) Each auxin-related 
pathway (synthesis, transport and signal transduction) is categorized in a separate graph. The upper panel of each grapgh corresponds to the expression 
profile, where x-axis refers to the gene name annotated either based on tomato referenced studies or, when missing, according to the best corresponding 
ortholog in Arabidopsis. Genes with significant differential expression were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 
0.001< p-value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of DE and DAs. The red blocks indicate an 
increase in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01); the green blocks indicate a decrease in gene 
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expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01). The 
blue blocks indicate that at least two DA regions are found in the same gene and these 
DAs show both gain and loss of histone marks (p-value <0.01). (B) Examples of differential 
mark association and gene expression of auxin synthesis, transport and signaling genes 
visualized in IGV. Histone mark associations are marked blue (upper panel) and gene 
expression red (lower panel).  
 
 
Supplemental Figure 7. Differential expression and histone mark association of GA-
related genes during fruit-set. (A) Each GA-related pathway (synthesis and signal 
transduction) is categorized in a separate graph. The upper panel of each grapgh 
corresponds to the expression profile, where x-axis refers to the gene name annotated 
either based on tomato referenced studies or, when missing, according to the best 
corresponding ortholog in Arabidopsis. Genes with significant differential expression were 
marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-value 
< 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of 
DE and DAs. The red blocks indicate an increase in gene expression (fold>2 and p-
value<0.01) or histone mark association (p-value <0.01); the green blocks indicate a 
decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-
value <0.01). The blue blocks indicate that at least two DA regions are found in the same 
gene and these DAs show both gain and loss of histone marks (p-value <0.01). (B) 
Examples of differential mark association and gene expression of GA synthesis and 
signaling genes visualized in IGV. Histone mark associations are marked blue (upper panel) 
and gene expression red (lower panel) . 
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were differentially expressed (fold >2 times, p-value<0.01) during fruit setting, 
of which 31 (80%) undergo consistent differential association with at least one 
active histone mark. Genes involved in all aspects of auxin metabolism and 
action are affected by these changes (Figure 7 and Supplemental Data Set 4) 
including auxin synthesis (tryptophan aminotransferases and flavin 
monooxygenases), transport (efflux carrier SlPINs, influx carrier SlLAXs and 
ER auxin carrier SlPILSs) and signal transduction (12 Aux/IAAs and 6 Auxin 
Response Factors). While the data confirm the critical role of auxin during fruit 
setting, they also suggest that changes in auxin signaling are subject to 
epigenetic control through histone mark modifications.  
Gibberellins and ethylene also seem to undergo dramatic changes in their 
status. Out of 34 gibberellin-related genes, 20 displayed differential expression 
between 0 and 4 DPA (fold >2 times, p-value<0.01) with 9 genes being up-
regulated and 11 down-regulated (Supplemental Data Set 4). Within these 20 
DE genes, 15 were differentially associated with at least one histone mark 
(Supplemental Figure 7A), and among these, 11 genes displayed consistent 
enrichment of active histone marks, including KAO2-Like2, GA20OX1 and 
GID1B-like (Supplemental Figure 7B). Most of the ethylene-related DE genes 
(51 out of 66) are down-regulated (Figure 8A), including those involved in 
ethylene biosynthesis (4 ACC synthases and 6 ACC oxidases), and ethylene  
responses (5 ETRs, 1 GRL, 1 CTR, 5 EIN-like, 3 EBFs and 25 ERFs). The vast 
majority (85%) of these DE genes showed differential association with at least 
one histone mark, and among these, 47 genes displayed consistent differential 
association with H3K9ac and/or H3K4me3. As exemplified by ACO4, ETR4, 
EIL3 and ERF.D2 ethylene-related genes, the down-regulation trend is 
associated with a net decrease in active histone marks (Figure 8B). With 24 out 
of the 36 DE cytokinin-related genes being down-regulated, cytokinin signaling 
also seems to be tuned down during the fruit set process, and changes in 
transcript levels consistently correlate with changes in histone marks 
(Supplemental Figure 8 and Supplemental Data Set 4). Genes related to other 
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Figure 8. Differential expression and histone mark association of ethylene-related genes during fruit-set. (A) Each ethylene-related pathway 
(synthesis, signal transduction and response) is categorized in a separate graph. The upper panel of each grapgh corresponds to the expression profile, 
where x-axis refers to the gene name annotated either based on tomato referenced studies or, when missing, according to the best corresponding 
ortholog in Arabidopsis. Genes with significant differential expression were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 
0.001< p-value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of DE and DAs. The red blocks indicate an 
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increase in gene expression (fold>2 and p-value<0.01) or histone mark association (p-
value <0.01); the green blocks indicate a decrease in gene expression (fold>2 and p-
value<0.01) or histone mark association (p-value <0.01). The blue blocks indicate that at 
least two DA regions are found in the same gene and these DAs show both gain and loss 
of histone marks (p-value <0.01). (B) Examples of differential mark association and gene 
expression of ethylene synthesis, signaling genes and response genes visualized in IGV. 
Histone mark associations are marked blue (upper panel) and gene expression red (lower 
panel). 
 
hormones, including brassinosteroids, abscisic acid, salic acid and jasmonate 
were also differentially expressed and most of these DE genes were 
differentially associated with at least one of the active histone marks 
(Supplemental Figure 8-10 and Supplemental Data Set 4). Overall, the data 
support the idea that the fruit set process requires the intervention of an intricate 
multiple hormone signaling whose setup involves epigenetic regulation.  
Given the need for high cell division activity during fruit initiation, it is not 
surprising that a high number of genes (55 out of 100) related to this process 
display significant change in their transcript levels (Supplemental Figure 11 and 
Supplemental Data Set 4). Notably, the expression of 51 genes (93%) was 
significantly increased including those involved in the cell cycle, cell division 
protein kinases (CDKs) and other related regulators. Of particular note, 45 of 
these DE genes were also differentially associated with at least one active mark 
(Supplemental Figure 11A and 11B), thereby, suggesting the involvement of 
histone mark modification in promoting the active expression of cell division 
genes.  
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Supplemental Figure 8. Differential expression and histone mark association of CK- and BR-related genes during fruit-set. Each pathway 
(synthesis and signal transduction) is categorized in a separate graph. The upper panel of each grapgh corresponds to the expression profile, where x-
axis refers to the gene name annotated either based on tomato referenced studies or, when missing, according to the best corresponding ortholog in 
Arabidopsis. Genes with significant differential expression were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-
value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of DE and DAs. The red blocks indicate an increase in 
gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01); the green blocks indicate a decrease in gene expression (fold>2 
and p-value<0.01) or histone mark association (p-value <0.01). The blue blocks indicate that at least two DA regions are found in the same gene and 
these DAs show both gain and loss of histone marks (p-value <0.01). (A) Cytokinin-related genes. (B) Brassinosteriod-related genes.  
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Supplemental Figure 9. Differential expression and histone mark association of ABA-related genes during fruit-set. Each ABA-related pathway 
(synthesis and signal transduction) is categorized in a separate graph. Genes with significant differential expression were marked by asterisks (* Fold > 
2 and 0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of 
DE and DAs. The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01); the green 
blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01). The blue blocks indicate that at 
least two DA regions are found in the same gene and these DAs show both gain and loss of histone marks (p-value <0.01).  
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Supplemental Figure 10. Differential expression and histone mark association of JA- and SA-related genes during fruit-set. Each pathway 
(synthesis and signal transduction) is categorized in a separate graph. Genes with significant differential expression were marked by asterisks (* Fold > 
2 and 0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of 
DE and DAs. The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01); the green 
blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01). The blue blocks indicate that at 
least two DA regions are found in the same gene and these DAs show both gain and loss of histone marks (p-value <0.01). (A) Jasmonate related 
genes. (B) Salicylic acid related genes. 
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Supplemental Figure 11. Differential expression and histone mark association of cell cycle related genes during fruit-set. (A) Each group is 
categorized in a separate graph. Genes with significant differential expression were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 
2 and 0.001< p-value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the heatmap of DE and DAs. The red blocks indicate 
an increase in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01); the green blocks indicate a decrease in gene 
expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01). The blue blocks indicate that at least two DA regions are found in 
the same gene and these DAs show both gain and loss of histone marks (p-value <0.01). (B) IGV Visualization of differential mark association and gene 
expression of cell cycle (SlCycB1, SlCycU1), CDK (CDKB1) and KNOLLE genes. Histone mark associations are marked blue (upper panel) and gene 
expression red (lower panel).  
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Interestingly, a large proportion (86%) of the epigenetic-related genes that 
are assigned as differentially regulated exhibit changes in histone marking that 
mainly concern H3K9ac and H3K4me3 (Table 2, Supplemental Table 1 and 
Figure 9A). Altogether, the study emphasizes the potential role of enhanced 
H3K9ac and H3K4me3 active marks in modulating both positively and 
negatively gene transcription during the fruit initiation process. Mining the 
expression dataset from different tomato cultivars available in the TomExpress 
platform identified seven differentially expressed histone modifiers that display 
a fruit set-associated pattern of expression (Figure 9B). Furthermore, the 
analysis of their expression levels in various tomato tissues and development 
stages revealed that among these genes four histone methyltrnasferases 
(SlSDG5, SlSDG16, SlSDG27 and SlSDG30) exhibit high expression 
specifically at the transition phase (Figure 9C), suggesting their active role in 
fruit setting. Considering their preferential expression during fruit setting, these 
genes emerge as new candidates towards improving fruit initiation in tomato 
via breeding strategies.  
 
Table 2. Contribution of epigenetic marks to reprogramming of fruit-setting genes. 
Group Total DEa DE+DAb 
DE+DMR-
promoterc 
    Nb % Nb % Nb % 
Hormone-related 595 242 40.7% 201 83.1% 2 0.8% 
Cell division 100 55 55.0% 48 87.3% 0 0.0% 
Endosperm-preferentiald 591 186 31.5% 136 73.1% 2 1.1% 
Embryo-preferentiale 1535 475 30.9% 294 61.9% 0 0.0% 
Epigenetic-related 213 43 20.2% 37 86.0% 2 4.7% 
a DE genes with p-value<0.01, fold change>2; 
b DA genes with p-value<0.01; 
c DMR promoter represents the genes containing DMRs (BH-adjusted p-value<0.05) in 
2kb promoter region of all cytosine sequence contexts;  
d Cluster 19 genes from previous tissue-specific transcriptomic data (Pattison et al., 2015); 
e Cluster 12 genes from previous tissue-specific transcriptomic data (Pattison et al., 2015);
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Supplemental Table 1. Contribution of histone marks to reprogramming fruit-setting genes. 
Group Total DEa DE+DAb-H3K9ac DE+DAb-H3K4me3 DE+DAb-H3K27me3 
    Nb % Nb % Nb % Nb % 
Hormone-related 595 242 40.7% 165 68.2% 161 66.5% 54 22.3% 
Cell division 100 55 55.0% 44 80.0% 45 81.8% 1 1.8% 
Endosperm-preferentiald 591 186 31.5% 99 53.2% 85 45.7% 31 16.7% 
Embryo-preferentiale 1535 475 30.9% 167 35.2% 154 32.4% 125 26.3% 
Epigenetic-related 213 43 20.2% 27 62.8% 31 75.1% 3 7.0% 
a DE genes with p-value<0.01, fold change>2; 
b DA genes with p-value<0.01; 
c DMR promoter represents the genes containing DMRs (BH-adjusted p-value<0.05) in 2kb promoter region of all cytosine sequence contexts;  
d Cluster 19 genes from previous tissue-specific transcriptomic data (Pattison et al., 2015); 
e Cluster 12 genes from previous tissue-specific transcriptomic data (Pattison et al., 2015); 
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Figure 9. Differential expression and histone mark association of epigenetic-related 
genes and their spatiotemporal expression during fruit setting. (A) Differential 
expression and histone mark association of epigenetic-related genes during fruit-set. Each 
group of epigenetic-related modifiers is categorized in a separate graph. The upper panel 
of each grapgh corresponds to the expression profile, where x-axis refers to the gene name 
annotated either based on tomato referenced studies or, when missing, according to the 
best corresponding ortholog in Arabidopsis. Genes with significant differential expression 
were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-
value < 0.01; *** Fold > 2 and p-value < 0.001). The lower panel corresponds to the 
heatmap of DE and DAs. The red blocks indicate an increase in gene expression (fold>2 
and p-value<0.01) or histone mark association (p-value <0.01); the green blocks indicate 
a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-
value <0.01). The blue blocks indicate that at least two DA regions are found in the same 
gene and these DAs show both gain and loss of histone marks (p-value <0.01). (B) 
Heatmaps showing absolute mean normalized expression values. The expression pattern 
of 19 DE histone modifiers genes (left panel ) was assessed using expression datasets 
available in TomExpress plateform which includes several developmental stages and 
tissue types from wild species S. pimpinellifolium (Middle panel) and S. lycopersicum 
(Right panel). Of these, 7 genes showing consistent expression patterns among various 
experimental contexts are highlighted red to signify the potential importance of these 
histone modifiers in the control of the fruit set. (C) Mean normalized expression of the 7 
histone modifier genes selected above. The tissue types indicated below the chart are 
based on TomExpress annotation. The expression value of the selected genes in each 
tissue or organ corresponding to different experiments is averaged and plotted. 
Dynamics of DNA methylation during the flower-to-fruit transition 
Recent study of single-base resolution methylomes demonstrated the 
significance of DNA methylation during tomato fruit ripening (Zhong et al., 2013), 
however, the potential contribution of cytosine methylation to fruit setting 
remains unexplored. The plant material samples used for RNA-seq and histone 
mark analysis were subjected to whole-genome bisulfite sequencing analysis. 
On average, 91% of CpG cytosine contexts (~699 million in total), 75% of CHG 
(~667 million) and 18% of CHH (~3,54 billion) were methylated in 0 DPA 
samples, and the level of the three types of methylated cytosine (5mC) 
underwent only a slight decrease at 4 DPA (Fig 10A and Supplemental Data 
Set 1). The vast majority of 5mCs lies in transposable element (TE) repeat 
regions (Figure 10B) which accumulate 97%, 99% and 99% of CpG, CHG and 
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Figure 10. Dynamic changes of DNA methylation during fruit set. (A) Global DNA methylation levels in each cytosine context. The total number of 
5mC corresponding to three replicates is indicated above the bar for each context (B: billion). (B) The methylated cytosine fraction in repeat and gene 
regions. (C) DNA methylation profiles in genic regions. Average methylation level is calculated within 100bp window shifting from 2.5kb upstream to 
2.5kb downstream of TSS and TES. The 0 DPA samples are represented by solid lines and 4 DPA samples by dashed lines. (D) Correlation between 
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of CpG, CHG and CHH methylation level and gene transcript level. The same set of genes 
used for profiling the mean histone mark association are divided into 11 groups based on 
the average transcript level in 0 DPA and 4 DPA samples. Quintiles are represented by 
different colors, from 0 (black) to top 100% quintile (red). (E) The total number of each type 
of DMR (BH-adjusted p-value<0.05). (F) Kernel density plot of CpG (red), CHG (yellow) 
and CHH (blue) methylation change of DMRs. (G) Co-occurrence of DA (p-value<0.01), 
DMR (p-value<0.05) and DE (p-value<0.01) genes during fruit set. The percentage 
indicates the occurrence of Y present in X. (H) Change in expression of promoter-DMR 
genes during fruit set. Promoter DMR genes correspond to all methylated cytosines in 2kb 
promoter regions irrespective to the type of sequence context (see material and methods). 
The number of DE genes (fold change >2 or <-2 and p-value<0.01) is mentioned the red 
area of the circle for up-regulated and green area for down-regulated. 
 
CHH cytosine contexts, respectively, whereas only a small fraction (3%~5%) is 
located in genic regions. Intersecting the methylated regions with genic regions 
of the same set of TSS and TES annotated genes used for histone marks 
(Figure 2F) revealed that the methylation level is highest in promoter regions 
and downstream of the TES for the three 5mC types, with the TSS being almost 
completely devoid of methylation in both 0 DPA and 4 DPA samples (Figure 
10C). Correlation studies revealed that for all three cytosine contexts, an 
increase in methylation level within +1 to +1000 bp downstream of the TSS 
correlates with lower transcript levels (Figure 10D), opposite to the situation 
where higher H3K9ac and H3K4me3 histone marks correlates with enhanced 
expression levels (Supplemental Figure 5A). These data support the idea that 
within the gene region downstream of the TSS, active histone marks have 
opposite effect on transcription activity to DNA methylation at all three types of 
cytosine contexts. 
We then investigated whether differentially methylated regions (DMRs) 
between 0 and 4 DPA contribute to the transcriptomic reprogramming 
underlying the fruit set transition. In total, 4,433 DMRs were identified (Figure 
10E and Supplemental Data Set 7) among which 58% (2,567) corresponded to 
CHH-DMRs, 29% (1,273) to CHG-DMRs and only 13% (593) to CpG-DMRs. 
Consistent with the global methylation decrease, methylation levels of all types 
of DMRs were generally higher at 0 DPA than at 4 DPA, indicating that DMRs 
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(especially CHH-DMR) undergo hypomethylation upon pollination (Figure 10F). 
Strikingly, only a small fraction (4%) of DE genes correspond to DMRs 
associated genes (Figure 10G), strongly suggesting that DMRs poorly account 
for the changes in gene expression during fruit setting. Further sustaining this 
view, within 120 genes having DMRs in their promoter regions, only 11 showed 
a significant increase in gene expression associated with hypomethylated 
DMRs (Figure 10H). Fruit set-associated genes, such as those related to 
hormone metabolism, cell division, epigenetic, as well as endosperm and 
embryo development were selected to evaluate the contribution of DNA 
methylation to their transcript levels. Again, only a very limited number of genes 
(7 out of 3,034 genes in total) undergo change in cytosine methylation at their 
promoter region (Table 2). By contrast, the expression level of a large proportion 
of these “fruit-setting genes” was shown to correlate with changes in H3K9ac 
or H3K4me3 marks (Supplemental Table 1). This is consistent with the 
observation that changes in histone marks at the gene level strongly correlate 
with changes in gene expression (Figure 10G). The data clearly support the 
idea that change in histone marks rather than in DNA methylation is the main 
phenomenon associated with transcriptomic reprogramming underlying fruit 
setting.  
Discussion 
Epigenetic remodeling is a major mechanism associated with genetic 
reprogramming underlying plant developmental processes and, in particular, 
histone modifications have been shown to play key roles in developmental 
transitions such as the shift from seed to vegetative growth and from vegetative 
to reproductive phases (Pu and Sung, 2015). However, while it is known that 
epigenetic control operates either through histone marks repositioning or via 
DNA methylation, the respective contribution of these two modes of epigenetic 
regulation to impacting the dynamic changes in gene expression has been, so 
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far, only partially explored. The flower-to-fruit transition represents a major 
developmental shift that is particularly suitable to investigate the extent to which 
epigenetic variation impacts transcriptomic reprogramming. It also provides a 
case study for addressing the comparative contribution of DNA methylation and 
histone marks to the global changes in gene expression at the transcript level. 
The outcome of our study supports a scenario in which histone modification 
emerges as a major phenomenon associated with the genetic reprogramming 
underlying the process of fruit initiation in tomato. Moreover, the data strongly 
favor the idea that H3K9ac and H3K4me3 act synergistically as active marks to 
promote gene transcription. Accordingly, mining the tissue-specific 
transcriptomic data (Pattison et al., 2015) confirmed that most H3K9ac and 
H3K4me3-marked genes are highly expressed in different fruit tissues. 
Nevertheless, some genes associated with both active marks showed low 
expression level (Figure 2F) which may result from the short half-life of the 
corresponding transcripts. It is also possible that these genes correspond to 
ambiguous genes overlapping peaks of low stringent criteria since up to 10% 
of H3K4me3 regions overlapped two genes, although the histone mark might 
have functional significance for only half of these genes.  
Notably, the majority of H3K27me3-marked genes (63.2%) exhibit low or 
no expression and are devoid of the two active histone marks (Figure 3A and 
3D), clearly suggesting that H3K9ac or H3K4me3 marks are mutually exclusive 
of H3K27me3. Indeed, although we observed that a large number of 
H3K27me3-marked genes can be associated with at least one active mark, the 
highly expressed genes show extremely low association with H3K27me3 but 
high enrichment in H3K9ac and/or H3K4me3. Some genes, in which the three 
marks co-exist, show variable expression in different tissues of the ovary. This 
could result from the mixed ovary tissues used in the ChIP-seq experiments 
and, thereby, it cannot be excluded that some of the genes detected as 
associated with antagonistic histone marks may actually correspond to two 
versions of the same gene bearing distinct histone marks in two different cell 
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types. Sequential ChIP performed at the cellular level provided a proof that 
several bivalent genes or regions can truly exist in plants and other organisms 
(Sequeira-Mendes et al., 2014). In this regard, it has been reported that the 
Trithorax group (TrxG) and Polycomb group (PcG), known to mediate H3K4 
and H3K27 methyltransferases-based histone modifications, respectively, can 
function antagonistically to activate or repress overlapping set of genes 
(Schuettengruber et al., 2007; Pu and Sung, 2015). In Arabidopsis, H3K4me3-
TrxG and H3K27me3-PcGs play key roles in developmental transitions such as 
the shift from embryo to seedling, vegetative to reproductive phases and flower 
organ formation, and AGMOUS and FLOWERING LOCUS C have been 
reported to be common targets for H3K27me3 and H3K4me3 marking (Saleh 
et al., 2007; Pien et al., 2008). In our study, , members of homeobox 
transcription factor families (HB-BELL, HB-WOX, HB-KONX, HB-HD-ZIP and 
zf-HD) that are evolutionally involved in developmental processes (Reiser et al., 
1995; Byrne et al., 2003; Mele et al., 2003; Du et al., 2009), were largely 
detected as being marked with three histone marks during the fruit initiation 
stage. The same situation is also observed for TAGL1, TAGL11 and RIN MADS-
box genes known to be instrumental to reproductive organs development in 
tomato (Itkin et al., 2009; Martel et al., 2011). Even though, our data highlight 
the existence of mutually exclusive relationship between H3K27me3 and 
H3K4me3 during fruit initiation, it cannot be excluded that some fruit set-related 
genes might potentially correspond to bivalent genes.  
While dynamic histone modifications have been reported to be implicated 
in several processes such as Arabidopsis deetiolation (Charron et al., 2009), 
meristem differentiation (Lafos et al., 2011) and leaf senescence (Brusslan et 
al., 2015), our study indicates that differential expression of the majority of the 
genes can be explained by the change in H3K9ac or H3K4me3 marking. By 
contrast, H3K27me3 alone is weakly correlated with changes in the expression 
of individual genes, consistent with the reported weak correlation between the 
gene expression level and the gain or loss of H3K27me3 during the transition 
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from shoot apical meristem to inflorescence meristem, or when comparing CLF-
like mutant to WT in rice (Liu et al., 2015b). Likewise, only a small number of 
genes display up-regulation or repression upon the loss of H3K27me3 marks 
in PRC mutants or the gain of H3K27m3 in demethylase mutants in 
Arabidopsis(Lafos et al., 2011; Lu et al., 2011a). This supports the view that 
depletion of H3K27me3 alone is not sufficient to promote gene expression. Our 
data indicate that increased expression is largely correlated with gain of both 
H3K9ac and H3K4me3 irrespective of the change in H3K27me3 marking. This 
sustains the conclusion that H3K9ac and H3K4me3 marks, and not H3K27me3, 
are the key to gene expression reprogramming during fruit setting in tomato. 
On the other hand, in keeping with the observation that ~20% of expressed 
genes are devoid of any of the three histone marks, it remains possible that 
other histone marks might be involved in gene transcription regulation during 
fruit-set.  
While recent studies reported the critical role of DNA demethylation in tomato 
fruit ripening through de-repression of key regulator genes such as CNR, RIN 
and NOR (Manning et al., 2006; Li et al., 2008; Zhong et al., 2013), strikingly, 
our study indicated that only a minor fraction (4%) of DE genes undergo change 
in cytosine methylation, stressing the weak contribution of DNA methylation to 
the differential expression the fruit set-related genes. Nevertheless, the 
potential contribution of differentially methylated regions to the transcriptomic 
reprogramming underlying fruit setting cannot be fully ruled out, because the 
use of mixed ovary tissues can hide the changes in methylation that might occur 
in specific cell layers or cell types. Together, these data highlight the extent of 
epigenetic reprogramming in fruit setting, a major plant developmental 
transition, and reveal that histone marking rather than cytosine methylation 
represents the main epigenetic changes associated with the genetic 
reprogramming underlying the flower-to-fruit transition. While providing insight 
into the regulatory mechanism of fruit setting, an essential process impacting 
crop yield, the data provide new leads for innovative plant breeding strategies 
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based not only on genetic variation but also on epigenetic regulation. 
 
Materials and Methods 
Plant materials and sampling 
Tomato plants used in this study were Solanum lycopersicum L. cv MicroTom. 
The seeds were directly sown in soil and grown under standard culture chamber 
conditions, as follows: 14-h-day/10-h-night cycle, 25/20°C day/night 
temperature, 80% relative humidity, 250 mol.m-2.s-1 intense light.  
Ovary samples at 0DPA correspond to the anthesis stage when stamens 
were loosely enclosed by petals. 4 DPA fruits correspond to 4 days post-
anthesis. Each biological replicate corresponds to a pool of at least 50 ovaries 
or young fruits from 25 plants.  
Chromatin immunoprecipitation and sequencing 
Tissues at 0 and 4 DPA were cross-linked by vacuum infiltration (760 mmHg) 
for 15 min in 1% formaldehyde fresh 1xPBS solution (with 0.015% of TritonX-
100). To ensure efficient crosslinking, 4 DPA fruits were cut in half prior to 
crosslinking. Crosslinking was stopped by adding glycine (0.125M final 
concentration) and incubating under vacuum infiltration for an additional 5 min. 
After washing twice with cold 1xPBS solution, samples were thoroughly dried 
between paper towels, snap-frozen in liquid nitrogen and stored at -80℃. ChIP 
assays were performed as described previously (Gendrel et al., 2005) with 
minor modifications. Briefly, ~1g of cross-linked tissue was ground to a fine 
powder in liquid nitrogen. Shearing of the chromatin was achieved through 
Diagenode Bioruptor sonication (5 runs of 10 cycles - 30 sec “ON” and 30 sec 
“OFF”). The size of the sonicated chromatin was checked to ensure that it is 
within the range of 100-500bp. Then, 10μL of sonicated supernatant was kept 
aside as input. For each sample (120μL supernatant), dilution buffer was added 
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to bring the final volume to 1.5 mL, and depending on the histone mark, either 
5μL of H3K9ac rabbit polyclonal antibody (Millipore; Cat. #07-352; Lot 
#2586454), 5µl of H3K4me3 rabbit polyclonal antibody (Millipore; Cat. #07-473; 
Lot #2430389) or 8μL of H3K27me3 rabbit polyclonal antibody (Millipore; Cat. 
#07-449; Lot #2475696) were added prior to incubation overnight (4°C - 10 rpm). 
For the control experiment without histone mark antibodies, 5μL of non-
immunized rabbit IgG antibody (Millipore; Cat. #12-370; Lot #2426484) were 
added. For the empty control (Mock) no antibody was added. Afterward, 50μL 
of protein A/G agarose beads (Pierce™ Protein A/G UltraLink™ Resin; Thermo 
Scientific; Cat. #53133) were added and the samples and incubated for 3h at 
4℃. Beads were then sequentially washed with low salt wash buffer, high salt 
wash buffer, LiCl wash buffer and finally with TE buffer. Elution was done as 
previously described (Gendrel et al., 2005). Eluates of Immuno-precipitated 
samples (IP) and input samples not subjected to immune-precipitation were first 
reverse-cross-linked at 65℃ overnight and then treated with 20 mg Proteinase 
K (Invitrogen) for 3h, followed by phenol/chloroform extraction, and ethanol 
precipitation in the presence of NaCl (3M - pH5.2) and glycogen. The 
precipitated DNA was re-suspended in 10μL of nuclease-free water and 
quantified by Qubit Fluorometer (Qubit dsDNA HS assay kitCcat #Q32851 - 
molecular probes). For each sample 10ng of Immunoprecipitated DNA was 
used for library construction and sequencing. Two biological replicates were 
performed. 
ChIP-sequencing was performed at the GeT-PlaGe core facility (INRA 
Toulouse). Sequence libraries were prepared using TruSeq ChIP Library 
Preparation Kit for Illumina Sequencing. Sequencing was performed on an 
Illumina HiSeq3000 with the Illumina SBS HiSeq3000 Reagent Kits (2x150nt 
paired-end reads; see Supplemental Data Set 1 for the number of reads). The 
enrichment of DNA fragments (% input) was validated by quantitative real-time 
PCR using primers listed in Supplemental Data Set 8. 
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Genome bisulfite treatment and sequencing 
Genomic DNAs were isolated from 0 and 4 DPA samples separately using 
Wizard® Genomic DNA Purification Kit (Promega). 10μL of total genomic DNA 
were used for Whole Genome Bisulfite Sequencing (WGBS). WGBS was 
performed at the GeT-PlaGe core facility (INRA Toulouse). WGBS libraries were 
prepared according to Bioo Scientific’s protocol using the Bioo Scientific 
NEXTflex Bisulfite Library Prep Kit for Illumina Sequencing. The bisulphite 
treatment was performed using the EZ DNA Methylation-Gold Kit (Zymo 
Research) followed by 12 cycles of PCR. Library quality was assessed using 
an Advanced Analytical Fragment Analyser and libraries were quantified by 
qPCR using the Kapa Library Quantification Kit. Three biological replicates 
were performed. 
Sequencing was performed on an Illumina HiSeq3000 with the Illumina SBS 
HiSeq3000 Reagent Kits (2 x 150 nt paired-end reads; see Supplemental Data 
Set 1 for the number of reads). 
RNA Sample preparation and sequencing  
For each sample total RNA was extracted from ~200mg of tissue, using 
TRIzol RNA Isolation Kit (Thermo Fisher Scientific). After DNA removal (DNA-
free™ DNA Removal Kit - Ambion), RNA was purified and the quality checked 
by Agilent (2100 analyzer). Only samples with rin > 8.6 were used for Illumina 
sequencing. Eight biological replicates were performed for each sampling stage. 
Paired-end RNA sequencing (2x125 nt) was carried out using a Truseq Illumia 
SBS Kit V4 and a Hiseq2500 platform.  
RNA-seq data processing 
Raw paired-end RNA-seq sequences in FASTQ format were analyzed. Low 
quality reads were removed with FASTQ quality filter by FASTX toolkit version 
0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). Trimmed reads were then 
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mapped to the S. lycopersicum reference genome and gene annotation 
(ITAG2.3 (Tomato_Genome_Consortium, 2012), https://solgenomics.net/) 
using TopHat-2.0.14 (Trapnell et al., 2009) calling bowtie 2.1.0 (Langmead and 
Salzberg, 2012). To perform differential gene analysis, HTSeq (Anders et al., 
2014) was used to calculate raw counts. Raw counts of 34,727 tomato genes 
were normalized and mean counts per kilobase of transcript was set as gene 
expression. Differentially expressed genes between 4 DPA and 0 DPA tissues 
were identified with DEseq2 (Love et al., 2014). Raw p-value were adjusted as 
‘padj’ by multiple tests using methods of Benjamini and Hochberg (Benjamini 
and Hochberg, 1995). Genes with padj <0.01 were defined as significantly 
differentially expressed genes. 
ChIP-seq data processing 
ChIP-seq read aligment was performed using Bowtie2 with default 
parameters, and only uniquely aligned reads were retained. Enriched regions 
in the non-redundant mapped reads were identified by MACS2 v1.4.2 (Zhang 
et al., 2008) (effective genome size=770 Mb, pvalue cutoff = 1.00e-05, 
Heatmap representations of signal intensity (computeMatrix scale-regions 
followed by plotHeatmap) were generated using deepTools suite (Ramírez F, 
Dündar F, Diehl S, Grüning BA, 2014). BEDtools package (Quinlan and Hall, 
2010) was used for detecting the tomato genes (ITAG2.3) overlapping with the 
detected peaks. A matrix of genes intersected with peaks for every sample was 
created for downstream analyses by R software (www.r-project.org/). 
Differential associated peaks were normalized and identified using the ‘MAnorm’ 
method (Shao et al., 2012). For this method, the normalized M value [M = log2 
(read density in 4 DPA samples / read density in 0 DPA sample)] represents 
log2-transformed fold changes of enrichment intensities at each peak region. 
Only those regions with p-value<0.01 were defined as differentially associated 
regions (DA) (See Supplemental Data Set 9). 
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BS-seq data processing 
Pair-end BS-seq reads were first trimmed with trim_Galore, and aligned to 
the tomato genome (SL2.40) by calling Bowtie2 using Bismark software 
(v0.14.3) with minor changed parameters (--score_min L,0,-0.3) (Krueger and 
Andrews, 2011). After removing duplicated reads, methylated and 
unmethylated cytosines were identified by bismark methylation extractor. As we 
used the tomato cv MicroTom, SNP sites (TOMATOMICS, 
http://bioinf.mind.meiji.ac.jp/tomatomics/downloaddata/SNP_list_Heinz_1706_
vs_Micro-Tom.vcf.tar.gz ) were then removed before proceeding. After filtering 
out high cytosine coverage, all counts were normalized by library size in CpG, 
CHG and CHH contexts separately. Only the cytosines covered by at least one 
read in all compared tissues were considered for further analysis. Heatmap 
representations of signal intensity (computeMatrix scale-regions followed by 
plotHeatmap) were generated using deepTools suite (Ramírez F, Dündar F, 
Diehl S, Grüning BA, 2014). 
Identification of methylated cytosine sites and regions 
Differentially methylated regions (DMRs) were identified with two steps in 
CpG, CHG and CHH contexts separately. First, differentially methylated sites 
(DMCs) were identified by DSS package using a beta-binomial distribution 
approach incorporating replicates in the modeling without smoothing (Feng et 
al., 2014) across 0 DPA and 4 DPA samples. P-values were corrected for false 
discovery rate (FDR) using Benjamini and Hochberg method (Benjamini and 
Hochberg, 1995). Sites with FDR <0.05 were considered as DMCs. DMCs were 
then combined into DMRs if their lengths were more than 50bp. Nearby DMRs 
were merged if they were less than 100bp distant. DMRs were defined as those 
regions containing more than 3 significant differential CpG/CHG/CHH sites. 
Finally, the CpG/CHG/CHH-DMRs were overlapped with distinct gene tracks 
for further analysis.  
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Gene ontology analysis 
Gene ontology (GO) analysis of selected genes was performed with the R 
package GOseq (Young et al., 2010). All GO terms used in our study were 
obtained from tomato genome website (https://solgenomics.net/). Gene length 
bias existing in RNA-seq was taken into account when the enrichment of the 
GO category was computed. An over-represented p-value of less than 0.05 was 
used to select significantly enriched GO categories.  
Identification of putative orthologs in tomato genome 
Genes were functionally categorized based on orthologs from the well-studied 
model plant Arabidopsis, with manual re-assignment according to tomato 
genome (Tomato_Genome_Consortium, 2012) and NCBI annotations 
(Supplemental Data Set 4). Local BLASTP method was performed to obtain 
putative orthologs by blasting with Arabidopsis protein database (TAIR10) with 
E-value less than 1E−20 and maximum selection of 3 targets. After removing 
the redundancy, the putative orthologs with the highest score was selected for 
further analysis. 
Accession Numbers 
The datasets supporting the conclusions of this article are available (study 
PRJEB19602) from the European Nucleotide Archive 
(http://www.ebi.ac.uk/ena/data/view/PRJEB19602) with the following 
accession numbers: ERS1572540, ERS1572541, ERS1572542, ERS1572543, 
ERS1572544, ERS1572545, ERS1572546, ERS1572547, ERS1572548, 
ERS1572549, ERS1572550, ERS1572551, ERS1572552, ERS1572553, 
ERS1572554, ERS1572555 for RNA-seq analysis; ERS1572559, 
ERS1572560, ERS1572561, ERS1572562, ERS1572563, ERS1572564, 
ERS1572565, ERS1572566 for ChIP-seq analysis; ERS1572571, 
ERS1572572, ERS1572573, ERS1572574, ERS1572575, ERS1572576 for 
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Bisulfite-seq analysis.  
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Abstract 
Fruit setting, a developmental transition from flower to fruit, is triggered by 
flower pollination and this process is essential for plant reproductive success, 
seed formation and crop yield. Auxin can trigger this transition process 
independent of pollination, however, whether the transcriptomic reprogramming 
is similar in auxin-induced and pollination-triggered fruit setting remains 
unknown. Genome-wide transcriptomic profiling of the flower-to-fruit transition 
either induced by pollination or by auxin treatment showed that the two types 
of inputs similarly modulate the expression of a common set of genes. These 
include genes related to auxin, gibberellin, brassinosteroid and ethylene 
signaling. Furthermore, inspection of changes in Cytosine methylation and 
histone marking during this transition phase indicated that gene reprogramming 
was mainly driven by of the dynamic changes of H3K9ac and H3K4me3 histone 
marks. In addition, the expression of MADS-box and NAC genes were 
extensively decreased, suggesting their negative roles in fruit initiation. By 
contrast, TCP, SBP, SNF2, GRF and SET family genes were significantly up-
regulated in both pollinated and auxin-treated young developing fruits 
suggesting the active role of these genes in promoting fruit set. Nevertheless, 
the comparative analysis of the impact of natural pollination and auxin treatment 
indicates that several genes related to hormone signaling, such as YUCCA6, 
PIN5, and KO, were differently regulated, suggesting a distinct role for these 
two inputs during fruit setting. Taken together, the data support the idea that 
auxin is the central hormone to hub the extensive gene reprogramming 
associated with the process of fruit initiation in tomato.  
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Introduction 
Fruit-set, an essential transition process from opening flower to young 
developing fruit, is naturally triggered by ovule fertilization, and which 
coordinately activates a set of developmental programs, including seed 
development and the growth of diverse peripheral structures that protect these 
developing seeds (Gillaspy, 1993; Pandolfini et al., 2007). To accomplish this 
developmental transition, cell division is the main process initiated at placenta 
and pericarp tissues rapidly after the successful fertilization in ovules. Thus, it 
is generally accepted that the fertilized ovules (or developing seeds) are the 
exclusively originates to release the signals in triggering cell division and fruit 
growth in diverse species, however, the molecular nature of the signal(s) 
generated in ovule and which then diffusely function in surrounding tissues are 
poorly understood.  
So far, auxin and gibberellins (GAs) are the two important hormones 
involved in fruit transition process, as application of both hormone substrates to 
unpollinated ovaries stimulate parthenocarpic fruit formation in various species 
(Gustafson, 1936; Bünger-Kibler and Bangerth, 1982; Serrani et al., 2008; de 
Jong et al., 2009a). Direct evidences demonstrating that auxin triggers fruit set 
at physiological, biochemical and molecular levels have been investigated at all 
procedures of auxin activity, including auxin biosynthesis and metabolism, polar 
auxin transport, perception and signal transduction, and auxin response. For 
instance, accumulation of auxin level by specifically expressing iaaM gene of 
Pseudomonas pv. savastanoi in ovule or expressing rolB gene of 
Agrobacterium rhizogenes in ovary promoted parthenocarpy in several 
horticultural crops (Rotino et al., 1997; Donzella et al., 2000; Pandolfini et al., 
2002; Carmi et al., 2003; Mezzetti et al., 2004; Rotino et al., 2005). Knocking 
down the expression of auxin efflux carrier SlPIN4 gene gives to parthenocarpic 
fruit (Mounet et al., 2012). Alteration of auxin perception by overexpression of 
TRANSPORT INHIBITOR 1 (SlTIR1) leads to parthenocarpy (Ren et al., 2011). 
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Also, modulating the auxin signal pathway leads to parthenocarpic fruit 
formation: silencing of SlARF7 and IAA9 or overexpression of an aberrant form 
of AtARF8 all result in seedless fruit-setting (Wang et al., 2005; Goetz et al., 
2007; de Jong et al., 2009b). It supports the importance of auxin actions at 
distinct levels during the transition from flower to fruit. GAs is another limited 
factor controlling fruit-setting and development, as GA was increased in 
parthenocarpic plant pat-2 and pat-3/pat-4 (Fos et al., 2000; Fos et al., 2001) 
and preventing GA inactivation by mutating the five GA inactivating enzymes, 
GA 2-oxidases, leads to the formation of parthenocarpic fruits in Arabidopsis 
(Rieu et al., 2008). On the other hand, alternation of active GA form by 
overexpression of citrus CcGA20ox1 in tomato also trigger fruit growth without 
pollination (Garcia-Hurtado et al., 2012). In GA signal pathway, the presence of 
GA3 can stimulate the ubiquitin-dependent proteolytic degradation of nuclear 
repressor DELLA by the 26S proteasome, and then, release the repression of 
DELLA on GA response genes to initiate GA signal transduction (Davière and 
Achard, 2013). Decreasing the mRNA level of SlDELLA gene in tomato also 
induced the parthenocarpic fruits formation and also reduced fruit size (Martí et 
al., 2007), indicating that SlDELLA is a negative regulator for fruit setting by 
restricting GA signaling and thereby blocking ovary growth prior to pollination. 
Furthermore, it was found that auxin can induce the expression change of GA 
biosynthesis genes in the ovules, which is similar to the specifically 
accumulation of GAs in this tissue upon fertilization, suggesting that auxin 
followed by GA in promoting the fruit initiation. Moreover, the transcript levels 
of genes encoding copalyldiphosphate synthase (SlCPS), SlGA20ox1, 
SlGA20ox2, and SlGA20ox3, and SlGA3ox1 are higher in 2, 4-D treated ovaries, 
while transcript level of GA-inactivating enzyme SlGA2ox2 is lower, again 
confirming that auxin-induced fruit-set is mediated partially by gibberellin 
(Dorcey et al., 2009). In addition, gaseous hormone ethylene also influences 
fruit set, as ethylene production decreased in pollination-dependent fruit set in 
wild-type tomato and in pollination-independent fruit set in the auxin 
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hypersensitive mutant iaa9-3 (Shinozaki et al., 2015a). Coordinately, mutation 
in ethylene perception by Sletr1-1 leads to an elevation of bioactive GAs and 
also elongated parthenocarpic fruit formation, suggesting that ethylene plays a 
role in tomato fruit set by suppressing GA metabolism before pollination. Taken 
together, it reveals that the complex hormonal regulatory network for fruit-
setting. 
Besides the central role of hormones, the gene regulatory network for fruit-
setting is also largely controlled by series of transcription factors during fruit-
setting. For instance, loss-of-function of PI MADS-box gene in apple produces 
apetalous flowers and seedless fruits (Yao et al., 2001). Silencing of the 
SEPALLATA (SEP) MADS-box gene TM29 also leads to parthenocarpic fruit 
formation in tomato (Ampomah-Dwamena et al., 2002). While another two 
MADS-box genes, Tomato Agamous1 (TAG1) and Tomato Agamous6 (TAGL6), 
seem play negative roles during fruit-setting, as their transcript levels 
dramatically decreased after natural pollination in WT and in a pollination-
independent tomato mutant As-IAA9 (Wang et al., 2009a). In addition, miR156 
and its target SQUAMOSA promoter-binding protein-like (SPL or SBP box) 
genes were found differentially expressed in pre- and post-anthesis ovaries, 
and overexpression of AtMIR156 resulting in partially seedless fruit formation, 
defining that miR156 and SPL transcription factor is a regulatory module for 
early stages of fruit development (Silva et al., 2014). Moreover, GROWTH 
REGULATING FACTOR 2 (GRF2), a member of the transcription activator gene 
family, was detected with increased transcript level in pollinated ovaries by 
cDNA–amplified fragment length polymorphism (cDNA-AFLP) (Vriezen et al., 
2007). These findings expand the central roles of hormones and transcription 
factors, however, the underlying molecular mechanism in pollination-dependent 
and pollination-independent fruit set remains largely unknown.  
In eukaryotic organism, DNA (genes) is packed in chromatin in a form of 
nucleosome. These nucleosome structure limits the accessibility of 
transcription regulators and polymerase to promote the transcription of genes. 
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Epigenetic marking, containing DNA methylation at 5’ cytosine residues and 
posttranscriptional histone modifications (Henderson and Jacobsen, 2007), is 
emerging as a major mechanism regulating gene expression during 
developmental transitions in living organisms (Pu and Sung, 2015), while 
histone modifications as a major guide control plant developmental transitions, 
including circadian clock and stress responses (Berr et al., 2011; Malapeira et 
al., 2012), and pollination induced fruit-setting as well. In previous study, a 
genome-wide examining identified massive genes associated with histone 
marks in tomato, where H3K9ac and H3K4me3 active histone marks positively 
correlate with gene transcription while repressive mark H3K27me3 showing 
negative correlation with gene expression. Further analysis also reveals that 
histone marking rather than DNA methylation is the main driver of 
transcriptomic reprogramming underlying fruit set with H3K9ac and H3K4me3 
active marks being the primary players in this control mechanism. In line with 
this finding, several critical processes and those corresponding genes including 
cell proliferation and hormone regulation underwent significant changes in 
histone marking and gene expression during the natural pollination-induced 
fruit-setting. Since auxin can trigger fruit setting independent by pollination, 
whether and to what extent histone marking play roles in this auxin-mediated 
fruit set comparing to natural pollination induced remains obscure.  
Result 
Auxin induces pollination-independent fruit-setting 
Fruit-set is naturally triggered upon flower pollination and fertilization and this 
genetically programmed process involves the complex coordination of multiple 
signaling pathways. This development transition is associated with dramatic  
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Figure 1. RNA-seq and ChIP-seq sample procedures. (A) Photographs of Emasculation, 
IAA treatment and ovary sampling. Ovaries at 0 days post anthesis (0 DPA) , at 4 DPA and 
4 days after IAA treatment (4 IAA) were sampled for RNA-seq and ChIP-seq. Ovaries 
treated with ½ MS was set as control. 9 days after, fruit were growing to about 1 cm 
diameter by pollination and IAA treatment, where no growth for control ovaries. Scale bars 
= 1 cm.   
 
physiological and structural changes including hormone regulation, cell division, 
cell proliferation and tissue differentiation. Auxin is well known for its ability to 
trigger fruit initiation and subsequent fruit growth independently from pollination. 
Indeed, exogenous IAA treatment of tomato flowers (cv. MicroTom), induces 
fruit setting in a similar way to flower pollination (Fig. 1). Auxin-treated ovaries 
undergo active growth reaching the same size as pollination-induced fruit at 4 
and 9 days post-pollination (DPA), in contrast to control ovaries treated with 
mock solution that fail to grow. However, whether or not fruit setting involves 
the same gene regulatory networks in pollination-dependent and auxin-induced 
remains unclear. To uncover the set of genes and regulatory pathways 
associated with the fruit set process, a genome-wide transcriptomic profiling of 
the flower-to-fruit transition has been implemented by deep sequencing. In 
order to prevent accidental self-pollination, tomato flowers were emasculated 
one day before anthesis and then treated with IAA. IAA-treated fruits were 
sampled simultaneously with 4 DPA fruits as the previous experiment shown, 
then RNA was extracted and subsequently for RNA-seq analysis.  
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Figure 2. Gene expression differences during fruit-set. (A) Cluster dendrogram of gene 
counts in 16 RNA-sequencing samples. Distance matrix of gene counts from all RNA-seq 
libraries were implemented by DEseq2. Dendrograms were generated by hierarchically 
clustering samples based on distance values (0~132). The darker blue indicates a closer 
distance. (B) The number of differentially expressed genes during fruit set. Left panel, up-
regulated DE genes; Right, down-regulated DE genes. Fold change>2 and p-value<0.01. 
(C) The number of differentially expressed transcription factor genes during fruit set. Fold 
change>2 and p-value<0.01. (D) Significant enriched biological processes respectively by 
pollination and auxin (p-value<0.05). Genes with p-value<0.01 were selected for GO 
analysis. 
 
Deep sequencing generated reads ranging from 23 to 33 million depending 
on the sample with 79%~85% of the reads being uniquely mapped to S. 
lycopersicum genome (ITAG2.3, Supplemental Table S1). The distance 
dendrogram indicates that replicates from each stage are well clustered 
together, and that the 4 DPA and 4 IAA samples show a high degree of similarity 
while being clearly distinct from 0 DPA tissues (Fig. 2A). Gene expression 
values are provided as mean normalized counts per kilobase of transcript. 
Overall, transcripts in three tissues corresponding to a total of 28,466 genes, 
representing 82% of the 34,727 tomato genes, were detected in at least one 
sample among which 24,236 (70%) were expressed in all samples (Table 1). 
With 25,459 (73.3% of total tomato genes) being expressed in 4 IAA samples 
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in which only 324 are specifically expressed, while 819 genes (2.4%) are 
specifically expressed at 0 DPA samples and 675 (1.9%) expressed at 4 DPA 
fruits. Together, 524 genes were specifically expressed in young fruits (at 4 DPA 
and 4 IAA). 
 
Supplemental Table S1 Reads Mapping Summary for RNA-seq Libraries 
Sample Total reads Mapped reads % Mapped 
Unique Mapped 
reads 
% Unique 
mapped 
0DPA#1 36,637,769 33,750,061 92% 30,554,340 83% 
0DPA#2 32,363,409 27,625,891 85% 24,227,116 75% 
0DPA#3 33,347,607 30,071,906 90% 26,492,042 79% 
4DPA#1 32,739,854 27,868,621 85% 25,043,212 76% 
4DPA#2 30,159,349 25,321,430 84% 22,795,666 76% 
4DPA#3 38,054,718 34,589,161 91% 31,370,460 82% 
4IAA#1 26,605,383 20,930,317 79% 18,781,593 71% 
4IAA#2 33,339,772 28,403,259 85% 25,853,358 78% 
4IAA#3 22,623,567 18,562,591 82% 16,599,600 73% 
 
Table 1. Expression statistics 
Stage Expresseda 
Common-
expressedb 
Sample-
specificc 
Fruit-
specificd 
0 DPA 26061 (75.0%) 
24236 
(69.8%) 
819 - 
4 IAA 25459 (73.3%) 324 
524 
4 DPA 26066 (75.1%) 675 
a
 Expressed: mean normalized counts per Kb>0;  
b
 Common-expressed: reads detected in all tissues; 
c
 Sample-specific: reads only detected in each tissue; 
d
 Fruit-specific: reads detected in both 4DPA and 4IAA fruits but not in 0DPA ovaries; 
 
Differentially expressed genes were identified using DESeq2 for raw counts 
normalization. When considering a fold change >=2 and a p-value <0.01, 
overall 7,622 and 5,481 genes were assigned as differentially expressed (DE) 
upon pollination and auxin treatment, respectively. Obviously, a higher number 
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of genes undergo change in their transcript level in pollination-induced than in 
auxin treated samples, consistent with the distinct distance of 4 DPA and 4 IAA 
to 0 DPA samples in the clustering analysis (Fig. 2A). Among the DE genes, 
similar number of genes (2,186 for up-regulation and 2,053 down-regulation) 
were commonly regulated (Fig. 2B) and this common set of genes represents 
56% of the DE genes induced by pollination, but 77% of the DE genes induced 
by auxin. Pollination-induced fruit setting give rise to 1,656 being specifically 
up-regulated and 1,727 genes specifically down-regulated, while only 772 are 
specifically up-regulated and 470 down-regulated in auxin-induced fruit setting. 
(Fig. 2B). Noteworthy, a large number (794 in total) of transcription factors were 
differentially expressed (Fig. 2C). Out of these TF DE genes, half of them (403) 
were commonly regulated by both pollination and auxin, while lower number 
genes were specifically regulated by auxin (with 60 up-regulated and 55 down-
regulated) and pollination (with 111 up-regulated and 155 down-regulated).  
To gain insight on the function of significant DE genes (selected at p-value< 
0.05), gene ontology (GO) analysis was performed separately for up and down 
regulated genes in pollination-induced and auxin-induced groups. In total, 160 
and 114 GO terms for biological process were significantly enriched by 
pollination and auxin, respectively (BH adjusted over-represented p-value<0.05, 
Supplemental Fig. S1). Among these, a large number (84) of biological 
processes were commonly enriched in up regulated genes, including those 
related to cell proliferation and differentiation, photosynthesis, hormone 
regulation. Consistent with the active cell division associated fruit-set, out of 
100 genes related to cell division identified in the tomato genome, up to 52 
undergo significant changes in their transcript level during fruit-setting (Fig. 3). 
Notably, the expression of 92% of these (48 genes) was significantly increased 
with 59.6% (31 genes) being commonly regulated by pollination and auxin, 
including cell cycle genes, cell division protein kinases (CDKs) and others 
regulators controlling cell division. The data indicate that pollination and auxin 
trigger the same core set of genes controlling cell division, even though 
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pollination seems to recruit significantly more genes than auxin to accomplish 
this task (Fig. 3).  
 
 
Figure 3. Differential expression of cell cycle related genes during fruit-set. Log2 of 
(mean normalized counts per kilobase +1) were indicated as gene expression in y-axis, 
and x-axis refers to the gene name annotated either based on tomato referenced studies 
or, when missing, according to the best corresponding ortholog in Arabidopsis. Gene 
names were ordered by the group including Common-DEGs (blue shaded), Auxin-specific-
DEGs (light yellow shaded) and Pollination-specific-DEGs (light pruple shaded). Dash line 
in the graph represents natural pollination while solid line represents auxin treatment. 
Genes with significant differential expression were marked by asterisks (* Fold > 2 and 
0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-value < 0.01; *** Fold > 2 and p-value < 
0.001). 
 
Similar to previous finding in pollination-induced fruit-setting, the genes 
involved in epigenetic processes were also significantly enriched by auxin 
treatment, including “histone H3-K9 methylation”, “DNA-methylation”, “histone 
phosphorylation”, “histone lysine methylation”, “methylation-dependent 
chromatin silencing”, “chromatin silencing by small RNA”, suggesting the 
essential roles of epigenetic modification during the two types of fruit-setting 
(Supplemental Fig. S1). Among the enriched biological process in down 
regulated genes, only few were common to pollination and auxin-treatment, 
including mRNA catabolism, autophagy, wounding response and protein 
desumoylation (Fig. 2D). These large number of processes induced or 
repressed by pollination- and auxin are likely essential for fruit initiation. 
Interestingly, up-regulated genes related to embryo development, embryo sac 
egg cell differentiation, gamete generation and cell differentiation were 
specifically enriched in pollination-induced samples which may explain the 
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Figure S1. Gene ontology (GO) enrichment analysis of significant up and down regulated genes (p-value <0.05) by pollination and auxin, 
respectively.  Enriched terms by up regulated genes were indicated by red color, and enriched terms by down regulated genes were indicated by 
green color. Color depth represents –log10 (over-represented p-value) adjusted by BH methods. With the significance of terms lower than 0.05 were 
marked as star.  
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higher number of DE genes associated with pollination-induced compared to 
auxin-treated fruit setting. In contrast, 23 processes, mainly related to 
metabolism (i.e. “glucosinolate biosynthetic process”, “malate metabolic  
processes” and “maltose metabolic process” et al.) were specifically enriched 
in auxin-induced fruit setting, suggesting that auxin may trigger fruit growth 
more rapidly reaching to development stage when extensive metabolic 
processes are initiated, comparing to pollination-induced fruit. Regarding to 
down-regulated DE genes, those genes associated with hormone signaling 
pathways (ethylene, ABA, SA and JA) were enriched either by pollination or by 
auxin, confirming the multiple hormones participating in fruit setting.  
Both pollination and auxin induce massive changes in the expression 
of hormone-related genes.  
Auxin and gibberellin are two critical hormones for fruit set, but the extent to 
which they contributing to fruit set and whether other hormones also are 
mediated in this process is largely unclear. As we observed that large number 
of biological processes related to hormone regulation were enriched by 
pollination- or auxin-induction, this prompted us to investigate the expression 
change of individual genes involved in hormone metabolism and signaling. To 
obtain a comprehensive gene list, the putative orthologs in each hormone 
category were generated by blasting with Arabidopsis orthologs (TAIR10) and 
together with public available genes as previous. Overall, 51 genes related to 
auxin were largely altered their transcript levels during fruit set, involving in 
auxin synthesis, auxin transport and auxin singaling processes. Among them, 
67% (34) genes were up regulated and 16 were down regulated. IAA is mainly 
synthesized from the amino acid tryptophan (Trp) in a two-step pathway by 
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAAs) and flavin 
monooxygenases (YUCCAs), as well as in IAM-dependent pathway by indole-
3-acetamide hydrolases (AMI) family. In present study, the transcript level of 
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both TAA (TAA1-like3 and TAA1-like4) and YUCCA (YUC-like4 and YUC5-like) 
were significantly reduced in young developing fruit at 4 DPA fruits while only 
two genes (TAA1-like5 and YUC-like1) displayed up-regulation (Fig. 4A). 
Together with a down-regulation of Trp synthase (TSB) TSB-like1 and TSB-
like6 in 4 DPA tissues, the data suggest that IAA biosynthesis seems mainly 
decreased during fruit set. Moreover, most (8) Aux/IAA genes were induced by 
both pollination and auxin treatment, as well as several auxin response factors 
(ARF1, ARF4, ARF9A and ARF18). While almost no Aux/IAA genes (except for 
Aux/IAA17) showed down-regulation during fruit set, indicating the activation of 
auxin signaling during fruit-set by both pollination and auxin. Although lower 
transcript level changes in IAA- or pollination-specifically regulated DE genes, 
pollination comparatively brings more genes undergoing differential expression 
than by auxin-induction.  
Out of the 18 GA-related DE genes (fold >2 times, p-value<0.01) 8 were 
up-regulated upon auxin or pollination and all of these are involved in GA 
synthesis (Fig. 4B), including 2 kaurene synthases (Terpene synthase, 
Solyc08g005720 and beta-phellandrene synthase, Solyc08g005640), 3 
kaurenoic acid oxidases (Solyc01g080900, Solyc12g006460 and 
Solyc10g007860) and 3 GA20 oxidases (GA20ox1, Solyc03g006880; 
GA20ox2, Solyc06g035530 and GA20ox3, Solyc11g072310). Among the 10 
down-regulated genes, three encode GA3 oxidases involved in reducing 
endogenous bioactive GA levels. Four genes were involved in signal 
transduction pathway including three gibberellin receptors and one lowly 
expressed RGA gene (Solyc10g086380). The data indicate that both 
pollination- and auxin-induced fruit setting are associated with active GA 
synthesis and signal transduction pathway. 
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Figure 4. Differential expression of hormaone related genes during fruit-set. Each 
group is categorized in a separate graph. Log2 of (mean normalized counts per kilobase 
+1) were indicated as gene expression in y-axis, and x-axis refers to the gene name 
annotated either based on tomato referenced studies or, when missing, according to the 
best corresponding ortholog in Arabidopsis. Gene names were ordered by the group 
including Common-DEGs (blue shaded), Auxin-specific-DEGs (light yellow shaded) and 
Pollination-specific-DEGs (light pruple shaded). Dash line in the graph represents natural 
pollination while solid line represents auxin treatment. Genes with significant differential 
expression were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 
0.001< p-value < 0.01; *** Fold > 2 and p-value < 0.001). (A) Auxin metabolism and 
signaling; (B) Gibberellin metabolism and signaling; (C) Brassinosteroid metabolism and 
signaling; (D) Ethylene metabolism and signaling. 
 
Notably, of 12 DE genes related to brassinosteroid 11 were significantly 
increased during fruit set either by auxin treatment or by natural pollination (Fig. 
4C), and among these, 9 brassinosteroid synthesis genes showed remarkable 
high expression. This is exemplified by a steroid synthesis gene DWARF1-like 
in the early C-22 hydroxylation pathway that displayed very high transcript level 
at 4 DPA. The data suggests that BRs input may have an important contribution 
to the control of fruit setting.  
By contrast, down-regulation of ethylene-related genes is the major trend 
with a large proportion 74% (46 genes) of the DE genes (62) were significantly 
down-regulated (Fig. 4D). Among these, 33 genes were commonly down-
regulated by both pollination and auxin, including ethylene biosynthesis (3 ACC 
synthases and 3 ACC oxidases), ethylene perception (2 ETRs and GRL1), 3 
EIN-like genes and 3 EBF genes and 18 ethylene response factors (ERF) 
genes. In addition, among 10 commonly up-regulated DE genes, barley of them 
(except ACS5 with lower expression) involved in ethylene synthesis and 
ethylene perception, strongly suggest that lower activity of ethylene is important 
for fruit set.  
With regard to cytokinin signaling, it seems to be tuned down during the fruit 
set process, with 14 of the 25 DE genes involved in cytokinin synthesis being 
down-regulated, and 21 involved in cytokinin signal transduction pathway 
showing down-regulation (Supplemental Fig. S2). Moreover, genes related to 
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Figure S2. Differential expression of hormaone related genes during fruit-set. Each group is categorized in a separate graph. Log2 of (mean 
normalized counts per kilobase +1) were indicated as gene expression in y-axis, and x-axis refers to the gene name annotated either based on tomato 
referenced studies or, when missing, according to the best corresponding ortholog in Arabidopsis. Gene names were ordered by the group including 
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Common-DEGs (blue shaded), Auxin-specific-DEGs (light yellow shaded) and Pollination-
specific-DEGs (light pruple shaded). Dash line in the graph represents natural pollination 
while solid line represents auxin treatment. Genes with significant differential expression 
were marked by asterisks (* Fold > 2 and 0.01< p-value < 0.05; ** Fold > 2 and 0.001< p-
value < 0.01; *** Fold > 2 and p-value < 0.001). 
 
abscisic acid, jasmonate and salic acid are also among the identified DE genes 
(Supplemental Fig. S2). Even though their numbers are less, several genes 
related to ABA (23 DE genes out of 66), JA (20 DE genes out of 55) and SA (19 
DE genes out of 84) were also identified as differentially expressed. Overall, 
the data clearly supports the idea that the fruit set process implies the 
intervention of multiple hormones with auxin, GAs and BRs related genes being  
mainly up-regulated whereas those related to CK, ethylene, JA and ABA being 
rather down-regulated. 
Auxin induces significant change in histone marking similar to 
pollination induced fruit set. 
Auxin triggers a large common set of genes similar to natural pollination 
displaying significant transcript level changes during fruit setting, whether it also 
modifies the histone marks in a similar way to pollination is unknown. 
Questioned by this, we profiled the epigenetic marks at 4 IAA fruits by 
performing Chromatin Immuno-Precipitation assays coupled to deep 
sequencing (ChIP-seq) as previously indicated in 4 DPA fruits. In accordance 
with previous experiments, we use the same histone marks, including 
acetylation of lysine residue 9 (H3K9ac) and trimethylation of lysine residues 4 
(H3K4me3) and 27 (H3K27me3), to monitor their genome-wide distribution.  
In total, 42~61 million reads of each sample were generated and an 
average of 94% reads were mapped to S. lycopersicum genome, proceeding 
with peak calling and identification by MACS (version 1.4.2, Zhang et al., 2008). 
With a p-value cutoff =0.05, large number of peaks for each histone mark were 
detected in 4 IAA fruits (Supplemental Table S2 and S3). Consistently, H3K9ac, 
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H3K4me3 and H3K27me3 showed widely similar association profiles to that in 
0 DPA and 4 DPA tissues, confirming the reproducible sequence results for 
further analysis. The difference of histone mark associations among three 
stages were exemplified as well in Fig. 5, suggesting a distinct role of auxin and 
pollination signals on histone modification during fruit setting in tomato.  
 
SupplementalTable S2. Read Mapping Summary for ChIP-seq Libraries 
Stage Type Total Reads Aligned reads % Alignment 
0DPA 
H3K9ac 80,603,866 77,160,722 95.73% 
H3K4me3  71,068,190 68,302,296 96.11% 
H3K27me3 69,816,638 66,120,910 94.71% 
Input 54,161,576 48,498,335 89.54% 
4DPA 
H3K9ac 70,322,302 67,518,253 96.01% 
H3K4me3 72,645,370 69,893,299 96.21% 
H3K27me3 48,341,218 45,807,776 94.76% 
Input 62,422,158 58,346,412 93.47% 
4IAA 
H3K9ac 52,249,070 49,965,614 95.63% 
H3K4me3 61,267,014 58,804,876 95.98% 
H3K27me3 52,966,574 49,750,472 93.93% 
Input 42,748,810 39,388,323 92.14% 
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Figure S3. ChIP-qPCR validation of ChIP-seq data. ChIP experiments were performed with Mock (no antibody), IgG, or with H3K9ac, H3K4me3 
and H3K27me3 antibodies. (A) Real-time PCR validation of H3K9ac ChIP-seq results for 9 selected genes in an independent samples. The 
enrichments refer to percentage of input. Two stages were shown with light green (0 DPA) and dark green (4 DPA). Primers used in this study are 
provided in Supplementary Table 10. (B) H3K4me3 ChIP-seq results for 9 selected genes. (C) H3K27me3 ChIP-seq results for 9 selected genes. (D) 
Correlation between ChIP-seq and ChIP-qPCR result for three histone marks. 
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Figure S4. Identification of 
histone modified regions by 
IAA treatment. (A) Number of 
identified regions for H3K9ac, 
H3K4me3 and H3K27me3. (B) 
Length distribution of the peak 
regions. The outliers are dotted 
with black color. The histone 
marks are displayed in yellow 
(H3K9ac), red (H3K4me3) and 
blue (H3K27me3). (C) 
Frequencies of peaks associated 
with genic and intergenic regions. 
A region spanning 1.5kb 
upstream of the annotated 
transcription start site (TSS) to 
0.5kb downstream of 
transcription end site (TES) was 
designated as genic region. The 
regions between gene territories 
were designated as the intergenic 
regions. (D) Proportion (percent) of peak regions overlapping genes. Y-axis: percentage of peak regions covering a given number of genes. (E) Average 
association profile of input (grey), H3K9ac (yellow), H3K4me3 (red) and H3K27me3 (blue) in genic regions at 0 DPA and 4 DPA. The gene set is adapted 
from publicly available RNA end-sequencing data which defines the TSS and TES. Mean counts within 100bp window shifting from 2.5kb upstream to 
2.5kb downstream of TSS and, 2,5kb upstream to 2,5kb downstream of TES were extracted and plotted.  
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Figure 5. Snapshot of H3K9ac, H3K4me3 and H3K27me3 histone mark association 
profiles in tomato genome. (A) Snapshot of histone marks association profiles 
corresponding to chromosome 7 of the tomato genome (SL2.40ch07: 54,275,788 - 
55,489,376). (B) Enlarged-view of selected regions from A. Blue arrow indicates the gene 
transcription direction. 
 
 In addition, real-time PCR validations by a second biological replicate were 
performed in 9 regions (genes) for these three marks in both 0 DPA and 4 IAA 
tissues, almost all of which (except SlCycU1.1) yielded results consistent with 
ChIP-seq data (Supplemental Fig. S3), thus validating the accuracy of the 
sequencing data. After sequencing, 24,938 H3K9ac, 21,827 H3K4me3 and 
13,982 H3K27me3 associated regions were identified (Supplemental Fig. 
S4A). These numbers are similar to that identified in 4DPA fruits and 
consistently higher than 0 DPA ovaries. Furthermore, compared to pollination-
induced fruits, the occupancy of all histone marks associated regions 
(Supplemental Fig. S4B), the number of histone marks associated genes 
(Supplemental Fig. S4D), and the histone mark distributions in genic regions 
(Supplemental Fig. S4E) did not vary significantly in 4 IAA fruits comparing to 
that at 4DPA, suggesting that most majority of genome sequences undergo a 
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similar change of histone marking by auxin and pollination induction during fruit-
setting. 
To investigate the putative role of histone marks in fruit set process, we then 
profiled the dynamic changes of H3K9ac, H3K4me3 and H3K27me3 marks at 
the genome-wide level. Overall, 13,426 H3K9ac, 10,568 H3K4me3 and 7,753 
H3K27me3 differentially associated (DA) regions were obtained by auxin 
treatment (Fig. 6A). H3K9ac and H3K4me3 marks showed slightly lower DA 
regions than that by pollination induction, while H3K27me3 was the opposite. 
Most of the DA regions individually overlapped with genic region, with 84% of 
H3K9ac, 90% of H3K4me3 and 55% of H3K27me3 DA regions intersected with 
genes. More than 86% of these DA regions were aligned to single genes. With 
the observation that the gain or loss of individual histone marks correlates with 
the changes in gene expression in previous data, we found that among the 
genes that showed differential mark association, 56% displayed differential 
expression (p-value<0.01), including 6,750 genes for H3K9ac, 6,411 for 
H3K4me3 and 1,461 for H3K27me3 (Fig. 6B). Among those, 48% of H3K9ac, 
56% of H3K4me3 and 75% of H3K27me3 DA genes displayed significantly high 
transcript level change (Fold>2 and p-value<0.01). However, a high number of 
genes were not detected in significantly expression change by either auxin- (39% 
of H3K9ac, 33% of H3K4me3 and 63% of H3K27me3) or pollination- (23% of 
H3K9ac, 20% of H3K4me3 and 53% of H3K27me3) induced fruit setting, 
though the histone marks significantly changed.  
To evaluate the similarity and difference of the two fruit-setting signals in 
histone mark association changes, we converged the DA genes between 
pollination- and auxin- triggered fruit setting. After filtering out the DA regions 
associated with ambiguous genes (>=2 intersected genes), 6,626 genes were 
found being commonly changed their association with H3K9ac mark by both 
pollination and auxin (Fig. 6C), which is similar to H3K4me3 mark (6,618 are 
common) but distinct to H3K27me3 mark (2,606 are common). More than half 
(58%~71%) of the DA genes associated with H3K9ac, H3K4me3 or H3K27me3 
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marks undergoing similar association change during fruit initiation by auxin and 
pollination signals, indicates that auxin and pollination trigger large common set 
of genes undergoing the same epigenetic modifications as well.  
 
Figure 6. Identification of the differentially mark associated (DA) genes. (A) Number 
of DA regions obtained. (B) Percentage of DA regions overlapping genes. The number of 
DA (shaded bar) and DE (solid bar) genes (p-value<0.01) were indicated above the bars. 
(C) Overlapping of differentially-associated histone marks by pollination and auxin 
treatment. Left, H3K4me3; middle, H3K9ac; right, H3K27me3. p-value<0.01 
Common set of differentially expressed genes regulated by 
pollination and auxin are prominently associated with changes in histone 
marking.  
 Independently intersecting of DA genes or DE genes triggered between 
auxin and pollination displays large number of common set of DE genes 
showing similar expression changes, suggesting that these common set of 
genes might be the critical genes for fruit setting. And if that, the common set 
of DE genes might be predominantly marked by the common DA genes also (at
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least by H3K9ac or H3K4me3 histone marks), since dynamic change of these 
two active histone marks positively correlated with transcript level change 
during tomato fruit setting (in previous study). Overall, similar proportion of DE 
genes (80.9% by pollination and 82.8% by auxin treatment) underwent at least 
one histone mark changes (Table 2). And changes in active marks (H3K9ac 
and H3K4me3) are still the main driver for reprogramming gene transcription 
by these two fruit-set inputs. Then, we selected the DE genes showing >=2 
times fold change to profile their association change with H3K9ac, H3K4me3 
and H3K27me3 marks from the three samples. As shown in Table 3, with the 
common DE genes, 59.8% of those showed differentially mark association with 
H3K4me3, and relative lower with H3K9ac (52.5%) or H3K27me3 (13.6%). 
Strikingly, the percentage of DA genes in auxin-specific DE genes (79.9%) or 
pollination-specific DE genes (76.9%) were clearly lower than that in commonly 
regulated DE genes (90%), though DA-H3K4me3 displaying a high correlation 
with high gene expression, indicating that the common set of differentially 
expressed genes induced by pollination and auxin predominately associated 
with change of histone marks. On contrast, the histone mark association 
profiles of these distinct set of genes showed clear difference (Fig. 7), where 
common DE genes varies in transcript level apparently in accordance with 
strong association change with H3K4me3 and H3K9ac marks, while the auxin- 
and pollination-specific DE genes displaying minor changes in transcript level 
and in histone mark association. In terms of H3K27me3 repressive mark, 
however, changes of gene expression in all gene sets above were not obviously 
linked to changes in its association during fruit setting. Altogether, the data 
suggests that pollination and auxin trigger fruit-setting by promoting a same set 
of genes undergoing significant changes in histone marking with H3K9ac and 
H3K4me3 and then changes in transcript level. 
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Figure 7. Profiles of gene expression and histone mark association for DE genes 
during fruit-set. Density profile of gene expression (DE fold change>2 and p-value<0.01, 
first panel) with histone marks association change from 0 DPA to 4 DPA and 4 IAA tissues. 
Genes were ordered by fold change of 4 DPA/0 DPA from high to low. H3K9ac (second 
panel), H3K4me3 (third panel) and H3K27me3 (fourth panel). Arrows indicates the cases 
showing differentially histone mark association (red refers to a gain of histone mark from 0 
DPA to 4 DPA or 4 IAA while green to a loss of histone marks).  
Multiple hormone signals associated with differential gene expression 
and epigenetic changes underlying the flower-to-fruit transition. 
Given that large number of genes related to hormone regulation underwent 
changes in histone marks during pollination-induced fruit setting, whether or not 
auxin brings similar histone modifications to the same set of hormone genes 
responsible for fruit setting is unknown yet. To examine this, all DE genes 
related to auxin, gibberellin, ethylene, cytokinin, ABA, brassinosteroid, 
jasmonate and salicylic acid metabolism and signaling were investigated their 
association changes with H3K9ac, H3K4me3 and H3K27me3 and gene 
expression changes comparatively. 
 For auxin metabolism and signaling, out of 51 DE genes identified from the 
two types of fruit initiation 46 showed at least one of the three histone marks 
being differentially associated (Fig. 8A). Among the 29 common DE genes 
regulated by both pollination and auxin induction, 20 displayed similar trend of 
changes in either H3K9ac or H3K4me3 histone marks, while gain either of 
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Figure 8. Differential expression and differential histone mark associations of auxin-related genes during fruit-set. (A) Heatmap of DE and DAs 
(DA-K9, DA-K4 and DA-K27). X-axis refers to the gene name annotated either based on tomato referenced studies or, when missing, according to the 
best corresponding ortholog in Arabidopsis. The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark 
association (p-value <0.01); the green blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value 
<0.01). The blue blocks indicate that at least two DA regions are found in the same gene and these DAs show both gain and loss of histone marks (p-
value <0.01). (B) Examples of differential mark association and gene expression of auxin-related genes visualized in IGV. Histone mark associations 
are marked blue (upper panel) and gene expression red (lower panel). 
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Figure 9. Differential expression and differential histone mark associations of gibberellin-related genes during fruit-set. (A) Heatmap of DE 
and DAs (DA-K9, DA-K4 and DA-K27). The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark association 
(p-value <0.01); the green blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01). The 
blue blocks indicate that at least two DA regions are found in the same gene and these DAs show both gain and loss of histone marks (p-value <0.01). 
(B) Examples of differential mark association and gene expression of gibberellin-related genes visualized in IGV. Histone mark associations are marked 
blue (upper panel) and gene expression red (lower panel).  
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these two histone marks is the major trend with most of the genes displaying 
increased gene expression by both inputs, including auxin synthesis, auxin 
transport and auxin response. SlAux/IAA2 (Solyc06g084070) was exemplified 
in Fig. 8B, where both auxin and pollination significantly induced the gene 
transcript level, and corresponds to gain of H3K9ac and H3K4me3 marks and 
a loss of H3K27me3 during fruit initiation process. Keeping in line with this, 
those commonly down-regulated DE genes by both auxin and pollination also 
showed decrease of active histone marks (exemplified by YUC-like 4 
[Solyc09g074430] in Fig. 8B). Besides, specifically change in gene expression 
regulated either by auxin or pollination also corresponds to specifically change 
in histone marking, through to a lesser extent than commonly-regulated DE 
genes. As exemplified by YUC6 (Solyc08g068160) (Fig. 8B), pollination 
induced a significant increase of gene expression by 16 times with gaining of 
H3K9ac and H3K4me3 marks, but auxin cannot induce such change in 
expression although with a slight increase in H3K4me3, suggesting that 
specifically-induced YUC6 by natural pollination might express restrainedly in 
seed which not present in auxin-treated fruits. Besides, SlPIN5 also showed 
distinct change in gene expression by pollination and auxin treatment (Fig. 8B), 
indicating that these two inputs also promote internal auxin transport in a 
different way. Keeping in line with the idea that H3K9ac and H3K4me3 histone 
marks are the prominent histone marks driving the change in gene expression, 
these data indicate that pollination and auxin mostly trigger the same core set 
of auxin-related genes undergoing histone modifications during fruit setting.  
Most DE genes (16 out of 18) involving in gibberellin signaling and being 
regulated by both pollination and auxin displayed similar changes in at least 
one histone mark (Fig. 9A). For example, pollination significantly induced the 
gain of H3K9ac and H3K4me3 and loss of H3K27me3 (repressive) mark on 
GA20 oxidase 1 (GA20OX1, Solyc03g006880; Fig. 9B) resulting in significant 
increase of gene transcription, in contrast, auxin cannot induce this 
accumulation in H3K9ac mark but do induce H3K4me3 accumulation and 
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Figure 10. Differential expression and differential histone mark associations of ethylene-related genes during fruit-set. (A) Heatmap of DE and 
DAs (DA-K9, DA-K4 and DA-K27). X-axis refers to the gene name annotated either based on tomato referenced studies or, when missing, according to 
the best corresponding ortholog in Arabidopsis. The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark 
association (p-value <0.01); the green blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value 
<0.01). The blue blocks indicate that at least two DA regions are found in the same gene and these DAs show both gain and loss of histone marks (p-
value <0.01). (B) Examples of differential mark association and gene expression of ethylene-related genes visualized in IGV. Histone mark associations 
are marked blue (upper panel) and gene expression red (lower panel). 
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Figure S5. DE and DA of ABA, BR, JA and SA signaling genes during fruit set by IAA treatment and pollination. Each group is categorized in a 
separate graph. Heatmap of DE and DAs (DA-K9, DA-K4 and DA-K27). The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) 
or histone mark association (p-value <0.01); the green blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark 
association (p-value <0.01). The blue blocks indicate that at least two DA regions are found in the same gene and these DAs show both gain and loss 
of histone marks (p-value <0.01).  
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repress H3K27me3 association in a similar way to pollination, indicating that 
pollination and auxin mark histone tails not in exactly the same way to modulate 
gene expression, although H3K4me3 is mainly driven by both treatments 
controlling gene expression. Moreover, comparing to pollination, auxin 
specifically represses the accumulation of H3K9ac and H3K4me3 
accompanying with decreased transcription of ent-kaurene oxidase gene (KO; 
Fig. 9B), which encodes a sole enzyme catalyzing the early three-step 
oxidation for gibberellin biosynthesis. Favoring the idea that gibberellin 
synthesizes after the auxin accumulation upon pollination, auxin might promote 
GA biosynthesis in a later step (evidenced by high transcript increase of KAO2-
like2 and GA20OX1 after pollination and auxin induction) but not in the early 
step (i.e. ent-kaurenoic acid synthesis by KO).  
Strikingly, almost all the DE genes (11 out of 12) related to brassinosteroids 
metabolism and signaling displayed the same increasing trend as changes in 
H3K9ac and H3K4me3 histone marks in both pollination- and auxin-induced 
fruit initiation processes (Supplemental Fig. S5). Notably, all these genes 
showing no H3K27me3-association changes during fruit-setting, suggesting 
their readily expressions barely hindered by H3K27me3 repressive mark in 
diverse tissues of young developing fruit. The data indicates that promoting of 
brassinosteroids synthesis and signaling may have an important contribution to 
the control of fruit setting. 
In accordance with a down-regulation trend for ethylene-related DE genes 
(including biosynthesis and signaling) induced by both auxin and pollination, 
their association with H3K9ac or H3K4me3 also mostly decreased after 
pollination and auxin treatment (Fig. 10A). Totally, out of 33 commonly down-
regulated DE genes by pollination and auxin, 19 have similar trend of changes 
in either H3K9ac or H3K4me3 histone marks in two types of fruit initiation 
processes. For example, ACO4, a main ACC oxidase gene for ethylene 
synthesis in tomato, displayed a net decrease of gene expression from 0 DPA 
to 4 DPA and 0 DPA to 4 IAA samples, consistently with a net decrease of 
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H3K9ac and H3K4me3 during this process (Fig. 10B). The data reveals that 
both auxin and pollination similarly promote the flower-to-fruit transition by 
extensively lowering the ethylene level and its perception. It is noteworthy that 
9 of 10 commonly up-regulated DE genes belonging to ERF genes, especially 
in clade B subfamily (SlERF. B6-B9), as well as SlERF. C1, SlERF. D7, SlERF. 
G4, SlERF. H1 and SlERF. H4, all of which showed significant increase of gene 
expression and H3K9ac- or (and) H3K4me3-association after ovary fertilization 
and auxin treatment. This indicates that special SlERFs might be activated 
during fruit set but with low possibility being directly regulated via ethylene 
signaling. Besides, although some genes are specifically regulated by auxin 
treatment or pollination, their expression generally showed lower fold changes 
corresponding to relatively lower association changes in histone marks, and 
again supporting the hypothesis that auxin and pollination control flower-to-fruit 
transition mostly in a same subset of genes.  
Observing that large numbers of genes related to cytokine, ABA, SA and JA 
displayed significant changes in histone marking and in gene expression during 
pollination- and auxin-induced fruit-setting (Supplemental Fig. S5), these data 
concludes that successful fruit initiation is a complex process with multiple 
hormones being either active or depressed in mediating the subordinated gene 
expression network, and this gene expression network is modulated via 
different or similar change of histone marks by pollination and auxin induction. 
Transcriptional factors potentially for flower-to-fruit transition 
undergo expression change and epigenetic change. 
As the over-representation of transcription factors (GO term: “regulation of 
transcription, DNA-templated”) in the whole DE genes by both pollination and 
auxin treatment (Supplemental Fig. S1), and to further understand the 
difference between auxin- and pollination-induced fruit-setting in gene 
regulatory network, individual transcription factor and transcription regulator 
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was investigated their changes in gene expression and histone marking upon 
these two types of inputs. In general, similar proportion (88.2% by auxin 
induction and 88.8% by pollination induction) of DE TFs showed differentially 
association with at least one histone mark (Table 4). Consistent with a 
prominent role for active histone marks of H3K9ac and H3K4me3 in driving 
gene transcription, most of these DE TFs were differentially associated with 
H3K9ac (64.7% in auxin induction and 70.3% in pollination induction) and 
H3K4me3 (68.3% and 68.9%) marks, while relatively lower proportion (36.2% 
and 43.2%) occurring in simultaneous change of both active marks during fruit 
set. Individually inspecting of the TF families commonly regulated by both 
pollination and auxin treatment, we found that besides the increased expression 
of Aux/IAAs (8↑ and 1↓) and B3-ARFs (4↑ and 1↓) genes related to auxin activity 
which is mentioned above, TCP (8↑; 2↓), SBP (5↑; 2↓), SNF2 (5↑; 0↓), GRF (5↑; 
1↓), SET (4↑; 0↓) and PHD (4↑; 0↓) family genes displayed significant transcript 
elevation during fruit-setting (Fig. 11A). Among these, several TFs seem to 
have strong link with fertilization and fruit development process (Fig. 11B). For 
example, transcript level of two TCPs (Solyc07g062680 and Solyc03g116320) 
were highly increased after pollination (by 7 times) and auxin treatment (by 4~5 
times), while those homolog in Arabidopsis are TCP4 and TCP14, which are 
required for endosperm development and for activating the embryonic growth 
in seed, respectively. Five of six SBPs (SlSPL6a, SlSPL6c, SlSPL8a, SlSPL8b 
and SlSPL15) also being significantly up-regulated by both pollination and auxin 
treatment, have shown strong expression levels in tomato carpels and have 
critical roles in early fruit development from previous studies. Five GRF TFs 
involved in cell proliferation and cell expansion were preferentially up-regulated 
in 4 DPA and 4 IAA fruit as well, one of which showing significant gain of H3K9ac 
(by pollination) and gain of H3K4me3 (by both pollination and auxin treatment) 
was exemplified in Fig. 11B (Solyc04g077510). Besides, transcription increase 
of epigenetic regulators related to chromatin remodeling (SNF2 family) and 
histone methyltransferase (SET family) confirmed the significance of epigenetic 
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Figure 11. Differential expression and differential histone mark associations of TF genes during fruit-set. (A) Heatmap of DE and DAs (DA-K9, 
DA-K4 and DA-K27). Each row refers to one gene. The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark 
association by H3K9ac or H3K4me3 (p-value <0.01); the green blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone 
mark association (p-value <0.01). The grey blocks indicate that no change in histone marking. (B) Examples of differential mark association and gene 
expression of selected TFs visualized in IGV. Histone mark associations are marked blue (upper panel) and gene expression red (lower panel). 
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modification in this transition of fruit-setting. Solyc02g085390 and 
Solyc02g062780 homologous to CHROMATIN REMODELING 1 (CHR1) 
involved in gene silencing and maintenance of DNA methylation and histone 
methylation, and SDG30 (Solyc05g007760) homologous to trithorax group 
proteins involved in H3K4me3 methylation in Arabidopsis all displayed 
transcript increasing during fruit initiation process. In contrast, several TF 
families largely dropped their transcript level during fruit initiation by both 
pollination and auxin treatment. Besides the investigated ERFs and EILs 
related to ethylene signaling, those genes encoding C2H2 (7↑; 16↓), NAC (1↑; 
10↓), MADS-MIKC/M-type (0↑; 12↓) and PLATZ (0↑; 5↓) also displayed 
significant reduce in their transcript level and loss of H3K9ac and (or) H3K4me3 
histone marks during fruit-setting, which is exemplified by C2C2: 
Solyc11g066400 in Fig. 11B. Interestingly, the expression of one NAC member 
Solyc07g045030, whose ortholog in Arabidopsis encodes JUNGBRUNNEN1 in 
repressing the biosynthesis of GAs and BRs, was significantly reduced by 
pollination (8.4 times) and auxin treatment (3.5 times), in accordance with our 
results of the active role of GAs and BRs in fruit-setting. Furthermore, MIKC- 
and M-types of MADS-box genes including SlDEF, AP3/PI and homologs of 
AGL62 (Solyc01g10630), AGL6 (Solyc01g090960), and AGL22 
(Solyc11g010570) in Arabidopsis, were also significantly decreased their 
transcript level at 4 DPA and 4 IAA fruits. The data suggests that these NAC 
and MADS-box TFs might function mainly as transcription repressors playing 
negative roles at the onset of fruit formation.  
With an exploration of the three histone marks in present study showing that 
84.8% (218 out of 257) pollination specifically-induced DE TFs were 
differentially associated with at least one histone mark changes, while auxin 
solely induced a similar proportion but distinct subset of DE genes undergoing 
differentially histone marking. Although auxin modulates most TFs in regulating 
fruit-setting in a same way to pollination, a further inspection revealed the 
difference of these two fruit-setting triggers in regulating gene expression and 
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histone marking on TFs. For example, expression of tomato MYB gene 
(Solyc08g068320), which is homologous to AtMYB3R4 in Arabidopsis required 
for cytokinesis during embryo division after fertilization, was specifically up-
regulated, and in company with a significant increase of H3K4me3 histone mark 
in 4 DPA fruits but not in 4 IAA fruits. Another example, CNR is an critical 
regulator for fruit ripening whose transcript was repressed in developing stage 
by DNA methylation after pollination, however, the present study showed that 
auxin can gain of H3K4me3 mark and specifically promote the transcription of 
CNR by 2.5 times. The data reveals that auxin promotes gene transcription also 
in a different way than natural pollination in terms of fruit-setting.  
With a special interest in those genes being differentially associated with 
H3K27me3, in contrast to 29.3% of TF DE genes being differentially association 
with H3K27me3 by pollination, auxin clearly induced higher proportion (36.4%) 
of TFs genes undergoing differentially association with H3K27me3 (Table 4). 
This is further supported by examining of specifically induced TF genes by 
natural pollination or auxin treatment, where approximately half of the TFs 
specifically induced by auxin were differentially marked by H3K27me3, 
comparing to an obvious lower percentage (~26%) of that in pollination-
specifically or commonly regulated DE genes (Table 5). As a feature that 
H3K27me3-assocated genes are more tissue-specifically expressed and act in 
developmental regulation roles, and together considering the prominent active 
function of H3K9ac and H3K4me3 marks in modulating gene transcription in 
this developmental transition process, we then regard those TF DE genes 
displaying changes in three histone marks as specific regulators for fruit-setting. 
Totally, out of 53 such TFs being found (Fig. 12A), 33 showed consistently 
changes of three histone marks, i.e. gain of active marks (H3K9ac or H3K4me3) 
with loss of repressive mark (H3K27me3), or loss of active marks with gain of 
repressive mark. As exemplified by C3H (Solyc12g008660), HB-HD-ZIP 
(Solyc08g066500), Tify (Solyc08g036660) and C2C2-Dof (Solyc04g070960) 
transcription factors (Fig. 12B), the transcription levels of these genes were 
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Figure 12. Differential expression and differential histone mark associations of TF genes regulated by both auxin and pollination. (A) Heatmap 
of commoly-regulated DE TFs and their association change with histone marks (DA-K9, DA-K4 and DA-K27). Each row refers to one transcription factor. 
The red blocks indicate an increase in gene expression (fold>2 and p-value<0.01) or histone mark association by H3K9ac or H3K4me3 (p-value <0.01); 
the green blocks indicate a decrease in gene expression (fold>2 and p-value<0.01) or histone mark association (p-value <0.01). The grey blocks indicate 
that no change in histone marking. (B) Examples of differential mark association and gene expression of selected TFs visualized in IGV. Histone mark 
associations are marked blue (upper panel) and gene expression red (lower panel). 
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significantly regulated by modification of the three histone marks. HD-ZIP III 
family gene Solyc08g066500, which is targeted by miR165/166 and its homolog 
in Arabidopsis involved in embryo patterning and auxin flow modulation during 
embryogenesis, was shown significant increase in gene expression and 
increase in H3K9ac and H3K4me3 association while loss of H3K27me3 after 
both pollination and auxin treatment. Altogether, these data indicate that auxin 
has significant effect on H3K27me3-association than natural pollination during 
the flower-to-fruit transition in tomato. 
Discussion 
Fruit set is a genetically programmed process governed by multiple 
hormones and critical transcription regulators, in coordination with series 
subordinate programs including cell division, embryo development, 
photosynthesis and epigenetic regulation. Advances have been made to 
identify the genes involved in fruit-setting using diverse approaches including 
cDNA–amplified fragment length polymorphism (cDNA-AFLP), microarray and 
next-generation RNA sequencing and in diverse mutants or hormone-treated 
fruits, however, the gene regulatory networks underlying this essential 
developmental shift for crop production are still unclear. Combing genome-wide 
transcriptomic profiling and ChIP-seq analysis, the present study reveals that 
auxin triggers gene reprogramming for fruit set mostly in a similar way to natural 
pollination, and again emphasizes the prominent role of auxin in initiating the 
fruit in tomato.  
In agreement with the early fruit development consists of cell division during 
the transition from the second to the third landmark as previously investigated 
(Xiao et al., 2009), common processes including cell division (such as “DNA 
replication”, “cytokinesis”, “G2/M transition” and “spindle assembly”) and 
developmental processes (such as “photosynthesis”, “flower development” and 
“ovule development”), are enriched by both pollination and auxin treatment. 
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Ethylene and ABA were proposed previously to play antagonistic roles to auxin 
and gibberellin during fruit-set to keep the ovary in a temporally protected and 
dormant state (Vriezen et al., 2007). A more recent study also supports the 
validity that ethylene suppresses tomato fruit set by modification of gibberellin 
metabolism (Shinozaki et al., 2015b). In line with this, ethylene signal pathway 
was significantly repressed in developmental ovaries by a comprehensive 
exploration in present study, together revealing that lower level and activity of 
ethylene is critical for early fruit initiation, while sharply contrasting to the 
increased ethylene level in abscission zone of the flowers when fertilization 
failed. 
Auxin and gibberellin are two central hormones required for fruit initiation. 
Thus, we examined dynamic changes of histone marks on specific genes in 
these two hormone signal pathways. We observed that auxin synthsis 
(YUCCAs), transport (PIN4), signal transduction (SlARF4, SlARF9 and 
SlARF18) and response (AUX/IAAs, GH3s and SAURs families) related genes 
were largely differentially marked either by H3K9ac or H3K4me3, and 
accordingly displayed differential gene expression. Among them, SlPIN4 and 
SlARF9 were recently reported to regulate fruit-set in tomato, implying that 
histone modification on these auxin signaling genes seems important for 
appropriate fruit development. Interestingly, unlike most transcription factors 
associating with H3K27me3, ARFs were largely devoid of this histone mark 
(except for SlARF18), but 95% of them were always marked by H3K4me3 in 
different stages of ovaries. More surprisingly, large number of genes encoding 
auxin synthesis enzymes (TAAs, TSBs and YUCs), auxin efflux carriers (PINs), 
auxin influx carriers (all LAXs), co-repressors (Aux/IAAs) and auxin response 
proteins (GH3s and SAURs) were significantly marked by H3K27me3. 
Consistent with previous results of Arabidopsis H3K27me3 target genes (Lafos 
et al., 2011), it strongly implies that the evolutionally conserved role of 
H3K27me3 is not only on transcription factors but also in the whole hormone 
signal pathways, such as auxin. Furthermore, gibberellin synthesis genes were 
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still mainly up-regulated with increase of H3K9ac and H3K4me3 marks. Such 
as the genes encoding ent-kaurenoic acid oxidase (KAO2) and GA 20-oxidase 
biosynthetic enzymes (SlGA20ox1, SlGA20ox2 and SlGA20ox3) were 
significantly up-regulated, while SlGA2ox1 and SlGA2ox2 which encode GA-
inactivating enzymes were lower in ovaries at four days after pollination. This is 
expected and in agreement with general conclusion that auxin induced fruit-set 
is partially mediated by gibberellin metabolisms in tomato (Serrani et al., 2008). 
Consistent with active roles of GA signal for fruit-set, three gibberellin receptors 
(GID1s) were down-regulated with significant loss of H3K9ac and H3K4me3. 
Similarly to auxin signal pathways, again, we found large numbers of gibberellin 
synthetic genes were also marked by H3K27me3, confirming the validity of 
H3K27me3 conservedly targeting hormone signal pathways in plant. Besides, 
SlDELLA was upexpectedly marked with H3K27me3 in 0 DPA ovaries but lost 
in 4 DPA and 4 IAA fruits, suggesting DELLA probably be repressed tissue- or 
cell-specifically in unpollinated ovaries. Unexpectedly, we didn’t detect the 
obvious transcript change of SlIAA9, SlARF7, SlARF8 and DELLA, all of which 
are critical for fruit-set (Wang et al., 2005; Goetz et al., 2007; Martí et al., 2007; 
Wang et al., 2009a; de Jong et al., 2009b). This is mainly resulted from distinct 
ovary stages selected and full ovaries used for analyzing. For example, IAA9 
accumulated locally in ovule, placenta and funiculus but weakly expressed in 
ovary wall and columella at anthesis. Three days after pollination, it gradually 
decreased but spread across the developing tissues. Thus it’s possible that the 
average expression level of IAA9 from expressed and unexpressed tissues 
does not change obviously comparing to 0 DPA ovaries. Anyway, the average 
expression levels of these genes are consistent with tissue-specific 
trancriptomic data (Pattison et al., 2015), and all of these genes are marked by 
both H3K9ac and H3K4me3 in our study, suggesting their active expression 
during fruit setting. To sum up, these data emphasize the importance of 
chromatin modifications (H3K9ac and H3K4me3) and coordinate transcript 
level changes for fruit transition by both natural pollination and auxin induction.  
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Material and Methods 
Plant materials and sampling 
All plants used in this study were Solanum lycopersicum L. cv MicroTom. The 
seeds were directly sown in soil and grown under standard culture chamber 
conditions, as follows: 14-h-day/10-h-night cycle, 25/20°C day/night 
temperature, 80% relative humidity, 250 mol.m-2.s-1 intense light.  
0 DPA ovary samples correspond to the anthesis stage when stamens were 
loosely enclosed by petals. 4 DPA fruits correspond to 4 days post anthesis. 
For 4 IAA fruits samples, the flowers were firstly emasculated one day before 
anthesis (to avoid accidental self-pollination), then, from anthesis and during 
the next four days, the ovaries were treated each day with 10μL of 500μM 
Indole-3-acetic acid (IAA, SIGMA ALDRICH). Each biological replicate 
corresponds to a pool of at least 50 ovaries (fruits) from 25 plants.  
Chromatin immunoprecipitation and sequencing 
ChIP experiments for 4 IAA fruits were performed as previously reported for 
0 DPA and 4 DPA tissues. Tissues were cross-linked by vacuum infiltration (760 
mmHg) for 15 min in 1% formaldehyde fresh 1xPBS solution (with 0.015% of 
TritonX-100). To ensure efficient crosslinking, 4 IAA fruits were cut in half prior 
to crosslinking. Crosslinking was stopped by adding glycine (0.125M final 
concentration) and incubating under vacuum infiltration for an additional 5 min. 
After washing twice with cold 1xPBS solution, samples were thoroughly dried 
between paper towels, snap-frozen in liquid nitrogen and stored at -80℃. ChIP 
assays were performed as described previously (Gendrel et al., 2005) with 
minor modifications. Briefly, ~1g of cross-linked tissue was ground to a fine 
powder in liquid nitrogen. Shearing of the chromatin was achieved through 
Diagenode Bioruptor sonication (5 runs of 10 cycles - 30 sec “ON” and 30 sec 
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“OFF”). The size of the sonicated chromatin was checked to ensure that it is 
within the range of 100-500bp. Then, 10μL of sonicated supernatant was kept 
aside as input. For each sample (120μL supernatant), dilution buffer was added 
to bring the final volume to 1.5 mL, and depending on the histone mark, either 
5μL of H3K9ac rabbit polyclonal antibody (Millipore; Cat. #07-352; Lot 
#2586454), 5µl of H3K4me3 rabbit polyclonal antibody (Millipore; Cat. #07-473; 
Lot #2430389) or 8μL of H3K27me3 rabbit polyclonal antibody (Millipore; Cat. 
#07-449; Lot #2475696) were added prior to incubation overnight (4°C - 10 rpm). 
For the control experiment without histone mark antibodies, 5μL of non-
immunized rabbit IgG antibody (Millipore; Cat. #12-370; Lot #2426484) were 
added. For the empty control (Mock) no antibody was added. Afterward, 50μL 
of protein A/G agarose beads (Pierce™ Protein A/G UltraLink™ Resin; Thermo 
Scientific; Cat. #53133) were added and the samples and incubated for 3h at 
4℃. Beads were then sequentially washed with low salt wash buffer, high salt 
wash buffer, LiCl wash buffer and finally with TE buffer. Elution was done as 
previously described (Gendrel et al., 2005). Eluates of Immuno-precipitated 
samples (IP) and input samples not subjected to immune-precipitation were first 
reverse-cross-linked at 65℃ overnight and then treated with 20 mg Proteinase 
K (Invitrogen) for 3h, followed by phenol/chloroform extraction, and ethanol 
precipitation in the presence of NaCl (3M - pH5.2) and glycogen. The 
precipitated DNA was re-suspended in 10μL of nuclease-free water and 
quantified by Qubit Fluorometer (Qubit dsDNA HS assay kitCcat #Q32851 - 
molecular probes). For each sample 10ng of Immunoprecipitated DNA was 
used for library construction and sequencing. Two biological replicates were 
performed. 
ChIP-sequencing was performed at the GeT-PlaGe core facility (INRA 
Toulouse). Sequence libraries were prepared using TruSeq ChIP Library 
Preparation Kit for Illumina Sequencing. Sequencing was performed on an 
Illumina HiSeq3000 with the Illumina SBS HiSeq3000 Reagent Kits (2x150nt 
paired-end reads; see Supplemental Data Set 1 for the number of reads). The 
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enrichment of DNA fragments (% input) was validated by quantitative real-time 
PCR using primers listed in Supplemental Data Set 8.  
RNA Sample preparation and sequencing  
For each sample total RNA was extracted from ~200mg of tissue, using 
TRIzol RNA Isolation Kit (Thermo Fisher Scientific). After DNA removal (DNA-
free™ DNA Removal Kit - Ambion), RNA was purified and the quality checked 
by Agilent (2100 analyzer). Only samples with rin > 8.6 were used for Illumina 
sequencing. Eight biological replicates were performed for each sampling stage. 
Paired-end RNA sequencing (2x125 nt) was carried out using a Truseq Illumia 
SBS Kit V4 and a Hiseq2500 platform.  
RNA-seq data processing 
Raw paired-end RNA-seq sequences in FASTQ format were analyzed. Low 
quality reads were removed with FASTQ quality filter by FASTX toolkit version 
0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). Trimmed reads were then 
mapped to the S. lycopersicum reference genome and gene annotation 
(ITAG2.3 (Tomato_Genome_Consortium, 2012), https://solgenomics.net/) 
using TopHat-2.0.14 (Trapnell et al., 2009) calling bowtie 2.1.0 (Langmead and 
Salzberg, 2012). To perform differential gene analysis, HTSeq (Anders et al., 
2014) was used to calculate raw counts. Raw counts of 34,727 tomato genes 
were normalized and mean counts per kilobase of transcript was set as gene 
expression. Differentially expressed genes between 4 DPA and 0 DPA tissues 
or 4 IAA and 0 DPA tissues were identified with DEseq2 (Love et al., 2014). 
Raw p-value were adjusted as ‘padj’ by multiple tests using methods of 
Benjamini and Hochberg (Benjamini and Hochberg, 1995). Genes with padj 
<0.01 were defined as significantly differentially expressed genes. 
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ChIP-seq data processing 
ChIP-seq read aligment was performed using Bowtie2 with default 
parameters, and only uniquely aligned reads were retained. Enriched regions 
in the non-redundant mapped reads were identified by MACS2 v1.4.2 (Zhang 
et al., 2008) (effective genome size=770 Mb, pvalue cutoff = 1.00e-05, 
Heatmap representations of signal intensity (computeMatrix scale-regions 
followed by plotHeatmap) were generated using deepTools suite (Ramírez F, 
Dündar F, Diehl S, Grüning BA, 2014). BEDtools package (Quinlan and Hall, 
2010) was used for detecting the tomato genes (ITAG2.3) overlapping with the 
detected peaks. A matrix of genes intersected with peaks for every sample was 
created for downstream analyses by R software (www.r-project.org/). 
Differential associated peaks were normalized and identified using the ‘MAnorm’ 
method (Shao et al., 2012). For this method, the normalized M value [M = log2 
(read density in 4 IAA samples / read density in 0 DPA sample)] represents 
log2-transformed fold changes of enrichment intensities at each peak region. 
Only those regions with p-value<0.01 were defined as differentially associated 
regions (DA). 
Gene ontology analysis 
Gene ontology (GO) analysis of selected genes was performed with the R 
package GOseq (Young et al., 2010). All GO terms used in our study were 
obtained from tomato genome website (https://solgenomics.net/). Gene length 
bias existing in RNA-seq was taken into account when the enrichment of the 
GO category was computed. An over-represented p-value of less than 0.05 was 
used to select significantly enriched GO categories.  
Identification of putative orthologs in tomato genome 
Genes were functionally categorized based on orthologs from the well-
studied model plant Arabidopsis, with manual re-assignment according to 
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tomato genome (Tomato_Genome_Consortium, 2012) and NCBI annotations 
(Supplemental Data Set 4). Local BLASTP method was performed to obtain 
putative orthologs by blasting with Arabidopsis protein database (TAIR10) with 
E-value less than 1E−20 and maximum selection of 3 targets. After removing 
the redundancy, the putative orthologs with the highest score was selected for 
further analysis. 
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The datasets supporting the conclusions of this article are available (study 
PRJEB19602) from the European Nucleotide Archive 
(http://www.ebi.ac.uk/ena/data/view/PRJEB19602) with the following 
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Supplemental Data 
Supplemental Figures  
Supplemental Figure 1. Gene ontology (GO) enrichment analysis of significant up 
and down regulated genes  
Supplemental Figure 2. Differential expression of hormaone related genes during 
fruit-set.  
Supplemental Figure 3. ChIP-qPCR validation of ChIP-seq data.  
Supplemental Figure 4. Identification of histone modified regions by IAA treatment.   
Supplemental Figure 5. DE and DA of ABA, BR, JA and SA signaling genes during 
fruit set by IAA treatment and pollination.  
Supplemental Figure 6. DE and DA of cell division- and starch-related genes during 
fruit set by IAA treatment and pollination.  
   Chapter II: Results and Discussion (Part II) 
164 
 
 
Supplemental Tables 
Supplemental Table 1. Read mapping summary for RNA-seq libraries. 
Supplemental Table 2. Read mapping summary for ChIP-seq libraries. 
 
 
Supplemental Data Sets 
Supplemental Data Set 1. DE gene list generated by DEseq2.  
Supplemental Data Set 2. DE and DA analysis of selected genes.  
Supplemental Data Set 3. Primers used for ChIP-qPCR.  
 
Acknowledgements 
The authors are grateful to L. Lemonnier and D. Saint-Martin for the 
cultivation of tomato plants, to GetPlage for deep sequencing and 
GenoToulBioinfo for giving access to the computing facilities. G.H. was 
supported by the Chinese Scholarship Council. This research was supported 
by the “Laboratoire d'Excellence” Labex TULIP (ANR-10-LABX-41), by the ANR 
TomEpiSet project and the TomGEM H2020 project. The work beneﬁted from 
the networking activities within the European COST Action FA1106. 
Author Contributions  
G.H. and P.F. performed the experiments. M.Z., A. D. and G.H. performed 
the bioinformatic analysis. E.M. and G.H. analyzed the data and E.M. did the 
statistical analysis. M.B. and M.Z. conceived and directed the project, and M.B., 
G.H. and M.Z. wrote the manuscript.  
   Chapter III: General conclusions and perspectives 
165 
 
 
 
 
 
 
 
 
 
Chapter III  
General conclusions  
And  
Perspectives 
  
   Chapter III: General conclusions and perspectives 
166 
 
Changes in histone marking rather than in DNA methylation are the 
main drivers of the genetic reprogramming associated with the flower-to-
fruit developmental transition  
In flowering plants, fruit setting is naturally triggered by pollination and 
fertilization. This transition process is critical for reproductive success, seed 
development and crop yield. In the last period, significant advances have been 
made towards identifying the regulators of the gene reprogramming associated 
with this developmental shift. These regulators include plant hormones auxin 
and gibberellin and their associated transcriptional regulators IAA9, ARF7/8, 
DELLA and TM29 as well as several yet unidentified genes from natural 
mutants such as pat2, pat3 and pat4. It is known that this essential 
developmental transition subordinates a complex network of signaling 
pathways that trigger dramatic physiological, metabolic and structural changes 
(Pandolfini et al., 2007). Massive transcriptomic reprogramming also occurs at 
the onset of flower fertilization leading to initiation of fruit development. However, 
the main drivers of the genetic reprogramming underlying this developmental 
shift remain unknown. Uncovering the nature of these drivers was the main 
objective of my PhD research project. More particularly, my work aimed to 
address the role of epigenetic control in driving the transcriptomic 
reprogramming during fruit setting using tomato as a model system.  
 Epigenetics, which includes histone marking and DNA methylation at 5’ 
cytosine residues, is emerging as a major mechanism regulating gene 
expression during developmental transitions in living organisms (Pu and Sung, 
2015). Several studies in tomato have revealed the role of this epigenetic layer 
in controlling fruit development and ripening mainly through DNA demethylation 
(Manning et al., 2006; Zhong et al., 2013; Liu et al., 2015a). Histone 
modification is another major guide to the coordinated transcriptomic 
reprogramming associated with developmental shifts, circadian clock and plant 
responses to stress in Arabidopsis, rice and maize (Berr et al., 2011; Malapeira 
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et al., 2012). However, the contribution of the histone marking as an operative 
mode of epigenetic regulation has never been addressed in fleshy fruit 
development.  
To gain further insight into the main mechanisms driving the transcriptomic 
reprogramming associated with fruit setting (pollination-triggered), a genome-
wide expression profiling of the flower-to-fruit transition was implemented by 
deep RNA sequencing. Gene Ontology analysis of the differentially expressed 
genes indicated that genes involved in epigenetic-related biological processes 
including DNA methylation and histone modifications were significantly 
enriched during the transition process, keeping in line with the differential 
expression exhibited by a number of genes encoding putative epigenetic 
modifiers. . The activation of histone modification and DNA methylation 
mechanisms suggests the importance of epigenetic regulation in the 
transcriptomic reprogramming associated with fruit-setting. We thereby 
implemented a ChIP-seq approach to investigate the genome-wide distribution 
of post-translational modifications of two active marks (H3K9ac and H3K4me3) 
and one negative mark (H3K27me3) on histone H3. Overall, 36 to 56 Mb of the 
tomato genome sequence, and ~70% of annotated tomato genes are 
associated with at least one of the three histone marks. These three histone 
marks also showed both convergent and different features compared to 
Arabidopsis where they are associated with shorter regions than in tomato 
(~650bp for H3K9ac and H3K4me3 in Arabidopsis but ~1.7kb in tomato; less 
than 1kb long for H3K27me3 in Arabidopsis but typically more than 2kb long in 
tomato). This indicates that epigenome decoration varies among species, as 
well as in different tissues and organs. Correlation between gene expression 
and the presence of the three types of histone modifications indicates that 
H3K9ac and H3K4me3 marks are mainly located nearby the TSS and promote 
gene transcription while H3K27me3 marks are distributed along the gene 
bodies and negatively impact gene transcription. The vast majority of genes 
(~85%) where H3K9ac and H3K4me3 marks co-occur revealed that these two 
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histone marks act synergistically to promote gene transcription. The use of 
tissue-specific transcriptomic data confirmed that most H3K9ac and H3K4me3-
marked genes are highly expressed in different fruit tissues. By contrast, the 
majority of H3K27me3-marked genes (63.2%) show low or undetectable 
expression and are devoid of the two active histone marks, clearly suggesting 
that H3K9ac or H3K4me3 marks are mutually exclusive with H3K27me3.  
Dynamic histone modifications have been reported to be implicated in 
several processes such as Arabidopsis de-etiolation (Charron et al., 2009), 
meristem differentiation (Lafos et al., 2011a) and leaf senescence (Brusslan et 
al., 2015). We then intensively investigate the correlation between gene 
expression reprogramming and changes in the three histone marks H3K9ac, 
H3K4me3 and H3K27me3. The outcome of study indicates that during the 
flower-to-fruit transition the vast majority of genes (77%~80%) undergoing gain 
or loss of H3K9ac or H3K4me3 marks also display differential expression. 
Notably, the differential expression of the majority of the genes can be explained 
by the change in H3K9ac or H3K4me3 marking. These two histone marks seem 
to correspond to the standard active marks determining the gene expression 
level, as they showed a highly significant correlation between genes 
differentially expressed and differentially associated with histone marks. On the 
other hand, we found that H3K27me3 alone doesn’t seem to correlate with a 
change in the expression of individual genes. This is in line with the data 
showing that gain or loss of H3K27me3 doesn’t show a strong correlation with 
gene expression during the transition from shoot apical meristem to 
inflorescence meristem, or when comparing CLF-like mutant to WT in rice (Liu 
et al., 2015b). Moreover, despite the loss of H3K27me3 marks in PRC mutants 
or the gain of H3K27m3 in demethylase mutants in Arabidopsis, only a minority 
of the genes display up-regulation or repression, respectively (Lafos et al., 2011; 
Lu et al., 2011a). This supports the view that depletion of H3K27me3 alone is 
not sufficient to promote gene expression. In our study, a close inspection of 
the combined effect of two histone marks on gene expression indicated that 
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increased expression largely correlated with gain of both H3K9ac and 
H3K4me3 regardless of the change in H3K27me3 marking. This sustains the 
conclusion that H3K9ac and H3K4me3 marks, but not H3K27me3, are the key 
to gene expression reprogramming during fruit setting in tomato.  
DNA methylation is the other operating mode of epigenetic regulation. 
However, the relative contribution of the two types of epigenetic regulation to 
transcriptomic reprogramming associated with plant developmental processes 
is, so far, poorly explored. In our study, whole-genome bisulfite sequencing 
analysis was performed using the same ovary and fruit samples for RNA-seq 
and ChIP-seq. Consistent with previous study in ripening tomato fruit, the vast 
majority of 5mC lies in transposable element (TE) repeat regions while only a 
small fraction (3%~5%) of 5mCs is located in genic regions. In addition, only a 
small fraction (4%) of DE genes correspond to DMRs associated genes, 
supporting the hypothesis that DMRs are not related to changes in gene 
expression during fruit setting, despite a global methylation decrease from 
ovary to young developing fruit. Furthermore, fruit set-associated genes such 
as those related to hormone metabolism, cell division, as well as endosperm 
and embryo development were selected to evaluate the contribution of DNA 
methylation to their transcript levels. The study indicate that only a very limited 
number of genes (5 out of 2821 genes in total) undergo change in cytosine 
methylation at their promoter region. By contrast, the expression level of a large 
proportion of these fruit-setting genes was shown to correlate with changes in 
H3K9ac or H3K4me3 marks. This is consistent with the observation that 
changes in histone marks at the gene level strongly correlate with changes in 
gene expression with up to 72% of the differentially expressed genes being 
associated with differential changes in histone marks. Altogether these data 
support the idea that changes in histone marks rather than in DNA methylation 
are the main drivers of transcriptomic reprogramming associated with fruit 
setting. 
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However, the potential contribution of differentially methylated regions to 
the transcriptomic reprogramming underlying fruit setting cannot be totally ruled 
out, because the use of mixed ovary tissues can hide the changes in 
methylation that might occur in specific cell layers or cell types, which might 
occur for histone marks as well. Some genes where the three histone marks 
co-occur showed variable expression in different tissues of the ovary. This could 
result from the mixed ovary tissues used for the ChIP-seq experiments, thus, it 
cannot be excluded that some of the genes detected as associated with 
antagonistic histone marks may actually correspond to two versions of the 
same gene bearing distinct histone marks and therefore with different 
expression patterns in two different tissues or cell types. Sequential ChIP at the 
cellular level provided a proof that several bivalent genes or regions can truly 
exist in plants and other organisms (Sequeira-Mendes et al., 2014). In future 
studies, performing sequential ChIP experiments could clarify whether or not 
some genes are truly bivalently modified, and combing RNA-seq, ChIP-seq and 
DNA methylation analysis at tissue-specific or cell-type-specific level could 
provide higher resolution to precisely decipher how epigenetic modifications 
reprogram transcriptomic changes and coordinately trigger the transition from 
flower-to-fruit. 
Of particular note, ~20% of expressed genes are devoid of any of the three 
histone marks taken into consideration, therefore, it remains possible that for 
some differentially expressed genes other histone marks might be involved in 
gene transcription regulation during fruit-set. So far, more than 10 histone 
marks have been extensively investigated in Arabidopsis, their comparative 
role for gene expression underlying fruit-setting or fruit-ripening is largely 
unexplored in tomato, although this species presents prime economic 
importance and is a commonly used as model system for flesh fruit study. More 
promising, identifying the target genes that are responsible for the changes in 
these histone marking and DNA modifications would provide better route for 
new plant breeding strategies. In our study, analyzing the expression pattern of 
   Chapter III: General conclusions and perspectives 
171 
 
those differentially expressed histone modifiers during fruit set using 
TomExpress platform, we generate a list of genes that include four histone 
methyltrnasferases being priority candidates for further investigation. 
In summary, the present study highlights the importance of epigenetic 
reprogramming in major plant developmental transitions such as fruit setting 
and supports the idea that histone marking rather than cytosine methylation 
plays the prominent role in driving the genetic reprogramming underlying the 
flower-to-fruit transition. While providing insight into the regulatory mechanism 
of fruit setting, a major process impacting crop yield, the data also provide new 
leads for innovative plant breeding strategies based not only on genetic 
variation but also on epigenetic regulation. 
Auxin-induced fruit setting involves similar gene reprogramming than 
natural pollination in tomato 
Plant hormones like auxin can trigger fruit-setting independently from 
pollination and fertilization in several species. Indeed, different levels of auxin 
signaling can strongly affect flower-to-fruit transition, therefore, auxin is 
generally accepted as the central hormone modulating gene reprogramming for 
fruit set. Whether auxin-induced fruit setting involves the same transcriptomic 
reprogramming than upon flower pollination remains unclear. So far, diverse 
approaches including cDNA–amplified fragment length polymorphism (cDNA-
AFLP), microarray and next-generation RNA sequencing were used in various 
mutants or hormone-treated fruits (Vriezen et al., 2007; Martinelli et al., 2009; 
Molesini et al., 2009; Wang et al., 2009a; Ruiu et al., 2015; Tang et al., 2015). 
However, the molecular mechanisms underlying pollination-dependent and 
pollination-independent fruit initiation are largely unknown. A second objective 
of my PhD project was to investigate the gene regulatory networks triggered by 
natural pollination and by exogenous IAA treatment. Comparing these two 
inputs by genome-wide transcriptomic profiling, we found that both activate 
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large set of common genes including those related to auxin, gibberellin, 
brassinosteroid and ethylene signaling. These hormone-related genes 
underwent differential expression during fruit set, and their transcriptomic 
reprogramming also extensively correlates with with changes in H3K9ac and 
H3K4me3 histone marks. In addition, the data showed that genes encoding 
transcription factors from the MADS-box and NAC families were extensively 
decreased, suggesting they may act as regulators of fruit setting. By contrast, 
TCP, SBP, SNF2, GRF and SET family genes seem to play a positive role as a 
number of these genes were significantly up-regulated in both pollination-
induced and auxin-initiated young developing fruits. By comparing these two 
inputs, several genes related to hormone signaling (YUCCA6, PIN5, and KO et 
al.) were differently regulated by natural pollination and by auxin treatment. 
Altogether, these extensive transcriptomic profiling support the view that auxin 
is a central hormone to hub the extensive gene reprogramming in initiating early 
fruit growth in tomato.  
 
Main trends to follow 
Given a scenario that histone marking is the main driver for gene 
reprogramming during the transition from flower-to-fruit in tomato, the study 
provides leads for new breeding strategies based on epigenetic control. Several 
perspectives are introduced herein. 
1) Numbers of histone marks were identified in other model species or plants 
of major economic importance, including Arabdiopsis, maize, rice and 
marine diatom. How these histone marks are distributed in the tomato 
genome and what’s their respective contribution to gene expression (and 
gene repression) is still unknown. With regard to the flower-to-fruit transition 
process, identifying these histone marks upon diverse environment stimulus 
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could enhance our understanding of the control of specific gene expression 
involved in reproductive success under extreme environmental conditions. 
2) In the present study, more than 100 putative histone modifiers were 
identified in tomato by homologous blasting (Table 1). Among these wide 
gene families, which histone modifiers are involved in fruit setting and which 
type of histone marks are their target. It is important to know also whether 
these histone modifications show specificity in diverse organs, tissues and 
developmental transition processes. With regard to fruit development, do 
the flower-to-fruit transition and the transition to fruit ripening rely on similar 
mode of epigenetic regulation? Taking advantage of the comprehensive 
transcriptomic profiling available at the TomExpress platform, we identified 
stage-specific histone modifiers in the transition stages including flowering 
(Figure 1), fruit-set (Figure 2) and fruit ripening (Figure 3), and reverse 
genetics approaches are now being implemented in the GBF lab to address 
their respective functional roles in tomato fruit development and ripening.  
3) Although DNA methylation seems to have minor contribution to gene 
reprogramming when comparing to its critical role in fruit ripening, the 
significant enrichment in DNA methylation and the high number of DNA 
methyltransferases displaying expression increase during both natural 
pollination and auxin-treated fruit setting point out to the potential 
importance of DNA methylation in fruit initiation. Therefore, unravelling their 
roles in specific tissue- or cell-types might improve in the future the precision 
of heritable gene modification in crop breeding. 
4) With regard to the role of hormone signaling, besides auxin and GAs shown 
significant roles for fruit setting, our study show that other hormone-related 
genes also undergo changes in their expression level and in histone marks 
during fruit setting. These mainly include ethylene and brassinosteroids-
related genes. Strikingly, our data clearly indicate that ethylene signaling is 
comprehensively repressed during the fruit set process, suggesting a 
negative role for ethylene in these developmental transition. This is 
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consistent with previous findings that parthenocarpic fruit formation is 
frequently observed in tomato ethylene receptor mutants (Sletr1) (Shinozaki 
et al., 2015a). On the other hand, it has been reported that an ethylene burst 
occurs 6 to 10 h after pollination (Llop-Tous et al., 2000). What is the role of 
ethylene increase at the onset of pollination/fertilization? Why ethylene 
signaling and biosynthesis genes are dramatically down-regulated during 
fruit setting? How ethylene interacts with auxin or GA? Overall, the massive 
change in expression of ethylene related genes strongly suggest that the 
regulation of this hormone is essential for the fruit setting program, therefore, 
uncovering the role of ethylene and the mechanisms by which it impacts fruit 
initiation is an important step towards further understanding of the complex 
hormonal crosstalk underlying fruit setting. 
5) Our study clearly revealed the extent of epigenetic modification associated 
with fruit setting as well as the massive change in hormone signaling. This 
raises the following important question: which one among the two factors, 
hormones and epigenetic regulation, is the causal factor. Are hormones the 
initial cause and epigenetic modification the consequence or vice versa? 
This issue needs to be addressed although our data seem to favor the 
hypothesis that the two factors are mutually influencing each other.   
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Table 1 The detailed information list of predicted tomato histone modifiers. 
Familya Gene Locusb Best Atc Protein lengthd Conserved Domainse Riccardo et al.f New namesg 
Histone 
Acetyltransferas
e 
Solyc02g068580 AT5G56740 468 Acetyltransf_1, MOZ_SAS, 2*Hat1_N SlHAG4  
Solyc03g110910 AT5G50320 565 2*Hat1_N SlHAG14  
Solyc10g045400 AT3G54610 404 Acetyltransf_1 SlHAG1  
Solyc11g013520 AT5G64610 447 2*Chromo, 2*MOZ_SAS SlHAM1  
Solyc01g008120 AT1G79000 1688 5*zf-TAZ, 2*KAT11 SlHAC1  
Solyc04g008610 AT1G16710 1650 5*zf-TAZ, 2*KAT11 SlHAC2  
Solyc02g089790 AT1G79000 1380 5*zf-TAZ, 2*KAT11 SlHAC4  
Solyc05g006180 AT3G12980 738 5*zf-TAZ, 2*KAT11 SlHAC3  
Solyc07g006820 AT1G32750 1823 2*Bromodomain, 2*TBP-binding SlHAF1  
Histone 
deacetylase 
Solyc03g119730 AT3G18520 610 Hist_deacetyl SlHDA8  
Solyc03g115150 AT5G61060 647 Hist_deacetyl SlHDA9  
Solyc01g009110 AT4G33470 265 Hist_deacetyl SlHDA7  
Solyc06g074080 AT1G08460 385 Hist_deacetyl SlHDA6  
Solyc06g071680 AT5G63110 471 Hist_deacetyl SlHDA3  
Solyc09g091440 AT4G38130 498 Hist_deacetyl SlHDA1  
Solyc03g112410 AT5G63110 449 Hist_deacetyl SlHDA2  
Solyc11g067020 AT3G44680 430 Hist_deacetyl SlHDA4  
Solyc08g065350 AT5G26040 347 Hist_deacetyl SlHDA5  
Solyc01g009120 AT4G33470 204 Hist_deacetyl #N/A SlHDA10 
Solyc04g009430 AT5G09230 385 SIR2 SlSRT2  
Solyc07g065550 AT5G55760 472 2*SIR2 SlSRT1  
Solyc09g009030 AT3G44750 269  SlHDT1  
Solyc10g085560 AT5G22650 307  SlHDT2  
Solyc11g066840 AT5G22650 317  SlHDT3  
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Histone Lysine 
Methyltransferas
e 
Solyc01g079390 AT4G02020 829 2*SET, 2*TCR SlSDG22  
Solyc03g044380 AT2G23380 921 2*SET, 2*TCR SlSDG21  
Solyc02g093200 AT2G23380 463 SET SlSDG23  
Solyc07g008580 AT1G76710 278 SET SlSDG19  
Solyc03g112690 AT4G27910 644 SET SlSDG24  
Solyc01g006880 AT5G42400 1596 2*SET, 2*GYF SlSDG20  
Solyc07g008460 AT1G76710 452 2*SET, SlSDG37  
Solyc07g006060 AT4G30860 246 SET SlSDG16  
Solyc01g095890 AT4G27910 1048 SET, 2*PWWP SlSDG25  
Solyc03g083410 AT4G27910 981 SET, PWWP SlSDG26  
Solyc09g098260 AT1G05830 588 SET, 2*FYRC #N/A SlSDG44 
Solyc07g008500 AT1G76710 288 2*SET SlSDG36  
Solyc09g060000 AT1G76710 263 SET SlSDG17  
Solyc04g057880 AT1G77300 1396 3*SET SlSDG33  
Solyc06g059960 AT1G77300 1665 SET SlSDG34  
Solyc12g100290 AT2G44150 434 SET SlSDG35  
Solyc01g006220 AT2G44150 451 SET SlSDG15  
Solyc02g089970 AT2G23740 1509 SET SlSDG10  
Solyc10g077070 AT1G73100 714 2*SET, SAD_SRA SlSDG2  
Solyc08g077940 AT2G35160 1037 SET, SAD_SRA SlSDG6  
Solyc09g082050 AT1G73100 647 SET, SAD_SRA SlSDG1  
Solyc06g060960 AT2G35160 1055 SET, 2*SAD_SRA SlSDG7  
Solyc01g068370 AT3G03750 341 SET SlSDG11  
Solyc04g024600 AT1G76710 141 2*SET SlSDG18  
Solyc03g093710 AT2G22740 838 2*SET, 2*SAD_SRA SlSDG9  
Solyc03g093700 AT2G35160 839 SET, SAD_RA #N/A SlSDG45 
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Solyc03g093760 AT2G22740 797 SET, SAD_RA SlSDG8  
Solyc07g052940 AT4G15180 2418 3*SET, 2*GYF SlSDG29  
Solyc03g082860 AT5G24330 357 2*SET, 2*zf-RanBP SlSDG27  
Solyc11g005730 AT5G09790 388 SET SlSDG28  
Solyc09g090630 AT3G04380 794 2*SET, WIYLD SlSDG12  
Solyc06g083760 AT3G04380 861 2*SET, WIYLD SlSDG14  
Solyc12g096990 AT4G13460 665 SET, SAD_SRA SlSDG3  
Solyc09g090810 AT4G13460 696 SET, 2*SAD_SRA SlSDG4  
Solyc02g094520 AT5G13960 677 2*SET, SAD_SRA SlSDG5  
Solyc07g006060 AT4G30860 246 SET SlSDG16  
Solyc03g093720 AT2G35160 300 2*SET, 2*SAD_SRA #N/A SlSDG46 
Solyc09g072890 AT3G04380 825 2*SET,  WIYLD SlSDG13  
Solyc03g093740 AT2G35160 307 SET, SAD_SRA #N/A SlSDG47 
Solyc10g074370 AT2G22740 195 SET #N/A SlSDG48 
Solyc08g044590 AT2G22740 74 SET #N/A SlSDG49 
Solyc09g090030 AT2G19640 379 2*SET SlSDG41  
Solyc07g052570 AT3G21820 485 2*SET SlSDG39  
Solyc06g060390 AT2G17900 480 SET SlSDG31  
Solyc03g051950 AT5G06620 158 SET SlSDG40  
Solyc05g007760 AT1G26760 532 SET SlSDG30  
Solyc02g081320 AT5G17240 488 SET #N/A SlSDG50 
Solyc02g081920 AT4G20130 509 SET SlSDG42  
Solyc05g013150 AT1G14030 466 SET #N/A SlSDG51 
Solyc01g005380 AT1G24610 471 SET SlSDG43  
Solyc07g045310 AT3G07670 501 SET #N/A SlSDG52 
Solyc05g013160 AT1G14030 488 SET #N/A SlSDG53 
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Protein Arginine 
Methyltransferas
e 
Solyc08g067050 AT1G04870 371 Arg_MeTrfase SlPRMT7  
Solyc04g008860 AT3G20020 431 Arg_MeTrfase SlPRMT2  
Solyc05g054240 AT3G06930 527 Arg_MeTrfase SlPRMT3  
Solyc12g008760 AT4G29510 396 Arg_MeTrfase SlPRMT8  
Solyc07g032240 AT4G29510 375 Arg_MeTrfase SlPRMT5  
Solyc12g099560 AT3G06930 522 Arg_MeTrfase SlPRMT9  
Solyc01g096550 AT3G12270 625 Arg_MeTrfase SlPRMT1  
Solyc08g005970 AT4G31120 655 Arg_MeTrfase SlPRMT6  
Solyc06g060670 AT4G16570 747 Arg_MeTrfase SlPRMT4  
Histone 
Demethylase 
Solyc07g063450 AT3G13682 915 Amino_oxidase, SWIRM SlHDMA4  
Solyc07g063500 AT3G13682 755 Amino_oxidase, SWIRM SlHDMA5  
Solyc11g008320 AT3G10390 1004 Amino_oxidase, SWIRM SlHDMA1  
Solyc05g055590 AT3G10390 635 Amino_oxidase, SWIRM SlHDMA2  
Solyc04g081100 AT4G16310 2078 Amino_oxidase, 2*SWIRM SlHDMA6  
Solyc10g047350 AT1G62830 384 2*Amino_oxidase, SWIRM SlHDMA3  
Solyc05g024100 AT3G10390 108 SWIRM #N/A SlHDMA7 
Solyc05g024080 AT3G10390 172 2*SWIRM #N/A SlHDMA8 
Solyc02g069740 AT1G30810 921 2*JmjC, JmjN, 2*zf-C5HC2, FYRN, 2*FYRC SlJMJ8  
Solyc04g009990 AT1G08620 1177 JmjC, JmjN, zf-C5HC2, FYRN, FYRC SlJMJ7  
Solyc06g008490 AT1G08620 805 JmjC, JmjN, 2*zf-C5HC2 SlJMJ16  
Solyc08g081000 AT1G63490 1839 3*ARID, JmjC, 2*JmjN, 4*zf-C5H2, 4*PLU-1 SlJMJ6  
Solyc08g076390 AT5G46910 846 JmjC, JmjN, zf-C5HC2 SlJMJ5  
Solyc08g005240 AT5G46910 756 JmjC, JmjN, 2*zf-C5HC2 SlJMJ4  
Solyc03g111590 AT3G48430 1252 JmjC, JmjN SlJMJ1  
Solyc04g028580 AT5G04240 346 2*JmjC, 2*JmjN SlJMJ2  
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Solyc04g028570 AT5G04240 372 JmjC #N/A SlJMJ21 
Solyc03g097090 AT5G46910 626 JmjC, 2*JmjN, 2*zf-C5HC2 SlJMJ3  
Solyc02g081010 AT1G11950 805 2*JmjC, 2*zf-4CXXC_R1 SlJMJ17  
Solyc04g049140 AT4G00990 1110 2*JmjC, 3*zf-4CXXC_R1 SlJMJ19  
Solyc03g083240 AT4G00990 798 JmjC, 5*zf-4CXXC_R1 #N/A SlJMJ22 
Solyc02g082400 AT1G11950 897 2*JmjC, 2*WRC SlJMJ15  
Solyc09g091490 AT1G11950 1197 2*JmjC SlJMJ20  
Solyc02g078790 AT1G09060 911 2*JmjC, 2*WRC, 2*zf-4CXXC_R1 SlJMJ14  
Solyc02g079300 AT4G21430 1005 JmjC, 2*WRC SlJMJ13  
Solyc08g065810 AT1G11950 109 JmjC SlJMJ18  
Solyc08g075510 AT3G45880 377 4*JmjC #N/A SlJMJ23 
Solyc01g006680 AT3G20810 398 JmjC #N/A SlJMJ24 
Solyc09g065690 AT5G19840 539 JmjC SlJMJ10  
Solyc03g112600 AT5G63080 311 JmjC SlJMJ11  
Solyc04g074490 AT1G78280 967 F-box, 2*APH, JmjC SlJMJ12  
Solyc10g081630 AT5G06550 509 F-box, JmjC SlJMJ9   
a Five gene families were analysed,including Histone Acetyltransferase(HAT),Histone Deactylase(HDAC),Histone Lysine Methyltransferase (HKMT),Protein Arginine 
Methyltransferase(PRMT) and Histone Demethylase(HDM). 
b The solyc number of each gene in iTAG2.30 genome annotation. 
c The best hit orthologous in Arabidopsis thaliana. 
d Length of the corresponding Coding Sequence (CDS) in base pairs. 
e Conserved Domains found in PFAM database, domain numbers were labeled. 
f Corresponding names in Wu et al.  
g Names for new added genes.  
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Figure 1. Differential expression of different categories of epigenetic-related genes during meristem transition from vegetative meristem to 
floral meristem. Log2-transformed expression values were plotted for all related genes. Each gene family or biological process was categorized in a 
separate graph. X-axis refers to the gene name annotated either according to reported references or after the best ortholog in Arabidopsis. Genes with 
significant differential expression (>2 fold) were marked by asterisk (* p-0.05<p-value<0.01, ** 0.01<p-value <0.01 and *** p-value<0.001). 
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Figure 2. Differential expression of different categories of epigenetic-related genes during fruit setting. Log2-transformed expression values 
were plotted for all related genes. Each gene family or biological process was categorized in a separate graph. X-axis refers to the gene name 
annotated either according to reported references or after the best ortholog in Arabidopsis. Genes with significant differential expression (>2 fold) were 
marked by asterisk (* p-0.05<p-value<0.01, ** 0.01<p-value <0.01 and *** p-value<0.001). 
   Chapter III: General conclusions and perspectives 
182 
 
 
Figure 3. Differential expression of different categories of epigenetic-related genes during fruit ripening. Log2-transformed expression values 
were plotted for all related genes. Each gene family or biological process was categorized in a separate graph. X-axis refers to the gene name 
annotated either according to reported references or after the best ortholog in Arabidopsis. Genes with significant differential expression (>2 fold) were 
marked by asterisk (* p-0.05<p-value<0.01, ** 0.01<p-value <0.01 and *** p-value<0.001). 
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